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Abstract 
This doctoral thesis presents results of literature review on classical and contemporary aspects of 
stripping, as well as experimental investigations on moisture damage as influenced by bituminous 
materials.  
Previous research in the area of moisture damage was reviewed and synthesized into a 
state-of-the-art. Important parameters linked to moisture sensitivity, like bituminous material 
characteristics, dynamic loads from heavy vehicles, environmental factors, construction practice and 
nature of anti-stripping additives, are presented. The state-of-the-art in current test methods is 
summarized and given.  
The experimental work involved investigations of the influence of bitumen and aggregate 
composition on water susceptibility. The influence of aggregate mineralogy and chemistry was 
evaluated using eleven aggregates and one bitumen, followed by studying the interactive effect of 
four bitumens and four aggregates. Moisture sensitivity was evaluated in accordance with 
(EN 12697-12:2003) for conditioning, ASTM D 4123 for resilient modulus determination, and 
(EN 12697-23:2003) for indirect tensile strength testing. Furthermore, thermal stability of two 
liquid amine anti-stripping additives mixed with two bitumens of varied acidity was investigated 
using potentiometric titration and Fourier Transform Infrared (FTIR) Spectroscopy. Lastly, a 
technique based on Fourier Transform Infrared Spectroscopy-Attenuated Total Reflectance 
(FTIR-ATR) was developed and used for studying transport of water across thin bitumen films, as 
well as stripping at bitumen/substrate interfaces. Bitumens from different sources and three 
substrates (silicon, germanium and zinc selenide crystals) were used. 
Based on the results obtained, it was concluded that aggregates containing sodium and potassium in 
alkali feldspars generally showed high moisture sensitivity. In contrast, presence of calcium, 
magnesium and iron was associated with aggregates with low moisture sensitivity. Contrary to 
several previous findings, one aggregate with practically 100% quartz exhibited low moisture 
sensitivity. No linear relationship between moisture sensitivity and the contents of SiO2 and Al2O3 in 
the aggregates studied was established. Results of the interactive influence of bitumen and 
aggregate composition showed that high acid and low penetration bitumens exhibited high dry 
strength for all the aggregates studied. On the other hand, for a given bitumen, the wet strengths 
were found to be aggregate specific.  
The results of tests on thermal stability of amine additives showed that usefulness of these additives 
reduces considerably, when the more alkaline additive was mixed with the high acid bitumen, 
followed by storing the blends under pronounced conditions of time and temperature (24 hours and 
140ºC, or more, in this study). Much less interaction occurred when the less alkaline additive was 
blended with the low acid bitumen. Even if a correlation was found between the results of 
potentiometric titration and Fourier Transform Infrared spectroscopy, the latter was not considered 
good enough at detecting amine additives, especially at low dosages.  
The technique based on FTIR-ATR developed in this study distinguished between good and bad 
bitumens with regard to stripping. The effectiveness of amine-based additives in reducing stripping 
was also shown by the method. Three likely processes occurred during the test, namely water 
diffusion, film break, and displacement (stripping) of bitumen from the substrate surface. The 
results also indicated that the diffusion process of water into the bitumen/substrate interface does 
not obey Fick’s law. 
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1. Introduction 
The global increase in truck traffic volumes has raised the need for better performing 
pavements. Proper performance of bituminous pavements is guaranteed if all the 
pavement layers (surface course, base and subbase) and the subgrade can 
appropriately support traffic loads under all service conditions. Deterioration or loss 
of pavement performance has been experienced in form of rutting due to 
deformations in one or several layers, fatigue cracking due to repeated dynamic heavy 
vehicle loading, moisture damage-related distresses in the bituminous layers, surface 
wear in countries where studded tyres are used, and others.  

This thesis presents results of investigations on moisture damage as influenced by the 
behaviour of bituminous materials. Moisture damage occurs because water enters and 
weakens the bitumen/aggregate interfacial adhesion. There are also some assertions 
that water may enter the bitumen/mastic films thereby decreasing the cohesion and 
increasing moisture damage. Whether moisture damage occurs prematurely or in a 
reasonable range of service life, the required repair costs could probably be reduced 
through careful material selection. 

Substantial literature available shows that the theories and causative mechanisms of 
moisture damage are complex. Most publications ascribe moisture damage to 
variables like bitumen properties, aggregate characteristics, hot mix processing, 
bituminous mixture characteristics, quality control during construction, nature of 
water at the interface, dynamic effect of traffic loading, type and properties of anti-
stripping additives, and others. The great diversity of variables and differences in 
earlier research results reported make prediction of moisture sensitivity difficult. Most 
mechanistic design methods for bituminous pavements mainly base on fatigue and 
rutting as the primary design criteria. However, SHRP’s mechanistic/analytical 
approach to pavement design proposed the need to consider resistance to moisture 
damage as a key factor in selection and proportioning of binders and aggregates 
(McGennis et al., 1995).  

The future of the road integrity partly depends on a better understanding of the 
fundamental relationships between moisture damage and the important variables 
already mentioned above. This fundamental knowledge can be vital to pavement 
engineers owing to the need for a high level of risk management. With the objective 
of contributing towards this important knowledge, laboratory investigations presented 
in this thesis were undertaken with emphasis on bituminous materials. A critical 
review of earlier theoretical/technical research information related to interdependent 
concepts involved in moisture damage was made based on the conceptual framework 
illustrated in Figure 1. A state-of-the-art was compiled in Paper I. Focus was placed 
on hot mixtures although the concepts are equally vital in cold mixtures. Results of 
investigations on the influence of fundamental bituminous materials composition on 
moisture sensitivity are presented in Papers II and III. Thermal stability of two typical 
commercial liquid anti-stripping additives mixed with two bitumens exhibiting 
diverse chemistry (acidity) was investigated, and the results are given in Paper IV. 
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Displacement of bitumen by water accessing bitumen/substrate interfaces was studied 
by use of Fourier Transform Infrared-Attenuated Total Reflectance spectroscopy 
(FTIR-ATR), and the results are presented and discussed in Paper V.  
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Figure 1: Conceptual framework for moisture damage in bituminous mixtures 
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2. Review of Literature (Paper I) 
 

2.1 Introduction 

Moisture damage in bituminous pavements occurs because water enters the asphalt 
mixture and causes loss of adhesion at the binder/aggregate interface. There are 
claims that moisture damage can occur because water weakens the binder reducing its 
stiffness. The area of moisture damage has previously attained much attention 
through research. Yet, its theories and causative mechanisms are complex and far 
from being fully understood. According to most publications, moisture damage is 
associated with bitumen properties, aggregate characteristics, hot mix processing, 
bituminous mixture type and characteristics, environment and methods of 
construction, nature of water that displaces the binder, dynamic effect of traffic 
loading, type and properties of anti-stripping additives, and others. Obtainable 
information was reviewed and synthesized into a state-of-the-art as presented in 
Paper I. Some of the important issues that influence moisture sensitivity are 
summarized in this chapter. 

 

2.2 Influence of bitumen on moisture damage 

Fundamentally, bitumen consists of a very large number of different hydrocarbons, 
heteroatoms (nitrogen, oxygen and sulfur) and/or traces of metals (e.g. iron, vanadium 
and nickel). The heteroatoms form functional groups like phenolics, pyrrolics, 
pyridinics, 2-quinolones, sulfoxides, ketones, anhydrides, and carboxylic acids 
(Petersen 1986). Such functional groups play a major role in the interaction between 
bitumen and aggregate surfaces, and consequently, in determining resistance of 
mixtures to moisture damage. The interfacial bond strength depends on the relative 
tendency of the functional groups to adsorb onto aggregate surfaces, and relative 
desorption by water. Substantial work on this aspect, using model and actual 
materials, has been presented by many earlier studies (for example, Petersen et al. 
1974, Plancher et al. 1977, Curtis et al. 1991, Petersen et al. 1998, and others). These 
researchers ranked affinity of functional groups to adsorb onto and desorb from dry 
and wet aggregate surfaces, respectively. A statistical analysis of agreement in these 
rankings was made using Kendall’s coefficient of concordance (Bagampadde et al. 
2004). It is equal to one for perfect agreement and zero for total mismatch between 
rankings. Values of 0.502 and 0.560, respectively, were obtained for ranking of dry 
adsorption and wet desorption of the bitumen polar compounds. However, generally, 
the most strongly adsorbed polar compounds (like carboxylic acids and anhydrides) 
seemed to be displaced most easily by water. Highest resistance to water 
displacement was associated with phenolics, ketones and nitrogen bases (especially 
pyridinics).  

Bitumen rheology during mixing and compaction seems to influence moisture 
sensitivity of bituminous mixtures. Viscosity needs to be low enough to allow proper 
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wetability of the aggregate by bitumen. During service, high viscosity offers better 
resistance to moisture damage than the converse (Majidzadeh et al. 1968, Kiggundu 
et al. 1988, and Hicks 1991). A high concentration of polar viscosity building 
bitumen components possibly increases resistance to moisture damage.  
  

2.3 Influence of aggregate characteristics on moisture sensitivity 

Aggregates typically provide a heterogeneous surface onto which specific bitumen 
chemical functionalities preferentially adsorb by interacting with aggregate 
adsorption sites. The forces of interfacial interaction depend on the type and surface 
activities of the aggregate, which themselves depend on the nature of minerals and 
metallic ions present. Common minerals in aggregates include silica, feldspars, 
ferromagnesian, limestone and clay minerals (Roberts et al. 1991).  

Silica mineral (SiO2) abundant in quartz constitutes the bulk of quartzites and 
granites. Silica is important because of the abundance of siliceous surfaces in most 
aggregates used in practice. Active sites on these surfaces range from surface 
hydroxyl groups of varying acidities to hydrogen bonding sites of high acidity 
(Petersen et al. 1998). Feldspar minerals have mobile species within their crystal 
structures (Jones et al. 2004). For example, orthoclase (KAlSi3O8), albite (NaAlSi3O8) 
and anorthite (CaAl2Si2O8) feldspars have metallic elements like potassium, sodium 
and calcium, respectively. Ferromagnesian minerals include olivine (Mg,Fe)2SiO4 and 
augite (Ca,Mg,Fe)(Si,Al)2)6. Limestone mainly comprises CaCO3, which after 
crushing, exposes calcium ions with electropositive characteristics. The calcium ions 
are available for competition between water and bitumen. Cheng et al. (2002) did 
work involving bonding energy measurements using a Universal Sorption devise. 
Their results showed that the bonding energies per unit mass for the limestones they 
studied were higher than that of granite. Clay minerals can also influence the affinity 
of aggregate surfaces for water. For example, Dallas et al. (2003) argue that clay 
minerals are made up of alternating layers of silica and alumina and can show a great 
affinity to adsorb water. They also point to strong surface charges and specific surface 
area exhibited by clays, which make them strongly adsorb charged water molecules.  

With regard to stripping, aggregate surfaces rich in metallic elements like calcium 
seem to improve stripping resistance. This is because such metals associate strongly 
with bitumen acids (if present) forming hydrophobic salts that are not water soluble 
(Dallas et al. 1991). Jamieson et al. (1995) have also pointed out that interfacial 
bonding is enhanced by relatively large concentrations of iron, calcium, magnesium 
and aluminium at the aggregate surface.  

Some of the aggregate physical properties that have been reported to influence 
moisture damage include surface roughness, porosity, shape, friability and presence 
and nature of adsorbed coatings. Good bonding is promoted by rough textured 
aggregate surfaces (Yoon et al. 1988). As regards shape, sharp angular aggregates 
may rupture the bitumen or mastic creating avenues for water.  
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2.4 Properties of water 

Water exhibits hydrogen bonds that affect its adhesive and cohesive characteristics. 
Since aggregate surfaces have electrostatic charges, water molecules are attracted to 
them with stronger forces than bitumen components to satisfy unbalanced surface 
charges. According to Scott (1978) and Yoon et al. (1988), adhesion is thought to be 
influenced by changes in pH of contact water, which itself changes with temperature 
and type of aggregate. They showed that water susceptibility of the hydrogen bonds 
and salt links at the interface would increase with pH of the water at the aggregate 
surface. Nevertheless, their results showed that this did not hold for salts resulting 
from association of alkaline earth metals (like calcium) and bitumen carboxylic acids.   
 

2.4 Dynamic effects of traffic 

Bituminous pavements may be subjected to very high dynamic stresses and strains 
due to the influence of heavy vehicle loading. Traffic action increases pore water 
pressure in the void pockets of hot mix asphalt, particularly in undrained conditions 
(pessimum voids). Traffic stresses can also directly rupture thin bitumen films, 
especially around sharp aggregate corners. These ruptures act as avenues for moisture 
into the interface as already indicated in Section 2.3. The stresses in the pavement 
induced by dynamic loading occur in shockwaves depending on the frequency of 
loading. The effect of traffic is supported by field studies (Kandhal 1991) in which 
stripping was observed in the slow lanes used by heavy trucks before it occurred in 
the passing lanes.   

 

2.5 Adhesion and moisture sensitivity 

Proper adhesion at the bitumen/aggregate interface and cohesion within the mastic are 
necessary for good performance. Several mechanisms have been proposed to explain 
adhesion between the bitumen and aggregates, although some of them seem to 
overlap. These include mechanistic tenacity basing on contact between bitumen and 
the aggregate surface imperfections, molecular orientation based on electrostatic 
theory, chemical reaction between the bitumen and aggregate chemical 
functionalities, and the thermodynamic theory based on the concept that bitumen 
adheres to an aggregate surface due to established intermolecular forces at the 
interface. These mechanisms are discussed in greater detail in Paper I. 

According to the literature, several causative mechanisms of stripping have been 
proposed. These mechanisms seem to synergistically contribute to stripping although 
they exhibit complexity in their interaction (Kiggundu et al. 1988). Some of them 
include:  

• Displacement involving retraction of bitumen along the aggregate surface under 
the influence of water starting at a point with a break in the film (Tarrer et al. 
1991),  
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• Detachment of the bitumen film from the aggregate surface by a film of water 
without a physical break in the film (Majidzadeh et al. 1968),  

• Spontaneous emulsification involving formation of water-in-bitumen emulsion 
(Fromm 1974), 

• Excessive pore pressure build up upon repeated traffic and thermal loading 
causing a break in the mastic/aggregate bond (Taylor et al. 1983), and 

• Microbial activities as the microorganisms concentrate at the moist interface 
between bitumen and the aggregate (Brown et al. 1990). 

 

2.6 Test methods 

Over the last 70 years, there has been use of many different test methods to predict 
field behaviour of bituminous mixtures with respect to moisture sensitivity. Early 
work on this effort is documented by Rice (1958). Attempts to evolve more reliable 
methods continued in the 1960s and 1970s with works by Johnson (1969), Schmidt et 
al. (1972), Jimenez (1974) and Lottman (1978). In the 1980s, the Tunnicliff and Root 
version of the Lottman procedure and the improvement of the Lottman protocol into 
AASHTO T283 were realized. In addition, there was development of other tests, for 
example the Texas freeze-thaw pedestal and Texas boiling tests. Other endeavors 
have been going on to develop fundamental tests to predict moisture damage, for 
example work by Ensley et al. (1984) and others. Work by SHRP resulted in the 
Environmental Conditioning System (ECS) test (Terrel et al. 1994). However, this 
test showed problems like subjectivity in observation, permeability, and modulus 
procedures used to evaluate moisture susceptibility. AASHTO T283 was retained in 
the Superpave mix design method as the principal moisture sensitivity test method. 
NCHRP Project 9-13, "Evaluation of Water Sensitivity Tests," completed in 1999, 
recommended changes to AASHTO T283 to better accommodate its use in Superpave 
volumetric mix design. A new test was proposed under NCHRP Project 9-34 that 
would better simulate environment and traffic factors. Wheel tracking tests have also 
been widely used both in Europe and the United States. A summary of some of the 
moisture sensitivity test methods used by various agencies is given in Paper I.  

 

2.7 Approaches to control moisture damage 

Several strategies have been formulated the world over to minimize moisture damage 
in bituminous mixtures. In principle, it is a fundamental requirement that any 
operation or action minimizing entry of water into the bitumen/mastic or 
binder/aggregate interface should be effected to guarantee resistance to moisture 
damage. Some of the measures recommended to offer absolute protection include:  
(a) Modification of the physicochemical properties of bituminous mixtures and 

its components (bitumen and aggregate), if considered economical,  
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(b) Use of practices that would prevent water from entering the bituminous layers 
like surface sealing and proper drainage,  

(c) Proper control of the time, temperature, and exposure to rain and wind during 
compaction and placement,   

(d) Rational selection and use of anti-stripping additives to improve 
bitumen/aggregate interaction, 

(e) Removal of stripped materials and replacing with better ones (expensive 
option),   

(f) Controlling  the nature of water to which the bituminous mixture is exposed 
(salt content, pH), and 

(g) Others. 

 

2.8 Summary of the review 

Moisture damage in bituminous mixtures leads to loss of adhesion in the interfacial 
region and possibly cohesion within bituminous binder. The mechanisms behind this 
phenomenon are not yet clearly known. Most of the proposed mechanisms found in 
the literature are still speculative and have to be proved through experiment. 
Literature indicates that moisture damage depends on aspects like material properties, 
mix design, as well as pavement design, construction practice, dynamic traffic load 
action, and others.  

A lot of research has focused on bitumen and aggregates and how they influence 
moisture damage. Nevertheless, the results are inconclusive. For example, most 
fundamental research efforts have demonstrated carboxylic acids in bitumen to be the 
most strongly adsorbed and water desorbed from many aggregate surfaces. However, 
there are some studies that show sulfoxides to be the most strongly adsorbed and 
desorbed functionalities. This lack of agreement shows that there is need for 
additional research in this area. Similarly, the influence of aggregate types on 
moisture is also still under debate. For example, the classical notion that basic 
aggregates are least prone, while the acidic ones are the most prone to damage by 
moisture, has been contradicted by field observations (Stuart 1990).  

Many anti-stripping additives are extensively used to decrease the problem of 
moisture damage. However, it is still necessary to optimize the use of anti-stripping 
additives with regard to their selection, storage conditions, interaction with some 
bitumen, and others. 

Prediction of moisture damage, when selecting materials at the design stage, is still a 
big challenge to paving technology. Test methods to predict propensity of bituminous 
materials to moisture damage have evolved right from the 1930s up to date. In spite 
of this fact, there seems to be no fully reliable laboratory test currently available, that 
simulates performance at different field conditions. 
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3. Experimental Section (Papers II – V) 
 

3.1 Introduction 

The approach used in the investigations described in this thesis is summarized in 
Figure 2. It involved review and summarizing literature into state-of-the-art, material 
selection and characterization, preparation of laboratory mixtures from bitumen and 
aggregates, evaluation of the mixtures for moisture sensitivity, investigations of 
thermal stability of liquid amine-based anti-stripping additives using potentiometric 
titrations and infrared spectroscopy, and a study of movement of water across 
bitumen films using a method based on FTIR-ATR spectroscopy. This chapter gives a 
summary of materials (Section 3.2) and test procedures (Section 3.3) used. 
 

3.2 Materials selected 
The experimental investigations performed comprised eleven aggregates from 
different sources. Seven of them were obtained from different Ugandan active 
quarries located in a tropical setting around Lake Victoria. The other four aggregates 
were obtained from different contractors in Sweden (temperate climate area). The 
aggregates were all reconstituted to fit specified standard base course aggregate 
(AG 16 mix type) having a continuous grading and 16 mm maximum size according 
to Swedish Road 94. This gradation enabled attainment of an air voids content of 
7±1% (v/v) ensuring proper saturation during moisture conditioning of the mixture 
specimens.  
The different bitumens used and some of their selected details are listed in Table 1. 
Furthermore, two commercial liquid anti-stripping additives (Duomeen and Redicote) 
were evaluated for thermal stability. They were supplied by Akzo Nobel, Sweden. 
Supplier information indicated that they were multi-component materials. Duomeen 
was a fatty diamine with the main component being N-oleyl-1,3-diaminopropane and 
Redicote was mainly a fatty imidazoline. 
 

Table 1. Details of bitumens used in this study 
Bitumen Designation Origin Penetration grades* 

Laguna B60 B-LAG1 Laguna, Venezuela 50/70 
Laguna B85 B-LAG2 Laguna, Venezuela 70/100 
Laguna B180 B-LAG3 Laguna, Venezuela 160/220 
Laguna B370 B-LAG4 Laguna, Venezuela No equivalent grade 
Shell B-SHE Middle east 70/100 
Caltex B-CAL Middle east 70/100 
T176 B-T1 Unknown 70/100 
T172 B-T2 Unknown 50/70 
Mexican B180 B-MEX Mexico 160/220 
Arabian B180 B-ARB Middle east 160/220 

* Numbers indicate penetration at 25oC in dmm based on EN 12591. 
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3.3 Description of test methods (Papers II – V) 

 
3.3.1 Classical bitumen tests (Papers II and III) 

Bitumen was evaluated for rheological properties using penetration at 25oC 
(EN 1426), softening point (EN 1427), ductility at 25oC (ASTM D113), Brookfield 
viscosity at 135oC (ASTM D4402) as well as dynamic mechanical analysis (DMA). 
DMA was performed by use of a dynamic shear rheometer (Rheometrics - RDA II) 
instrument done using a sinusoidal strain set at a frequency of 1 rad/s (0.159 Hz) and 
temperature sweeps (-30 to 80oC) using. Samples were placed between 8 mm 
diameter plates set at a gap of 1.5 mm.  

 
3.3.2 Gel permeation chromatography (GPC) (Papers II and III) 

GPC was used to characterize the bitumens, by separating its constituents based on 
molecular size. Solutions of bitumen (5% w/w) in tetrahydrofuran (THF) were passed 
through a system of ultra-styragel columns. The pores of the gel exclude molecules 
larger than a certain critical size, which consequently take a shorter distance through 
the column. As a result, the bitumen components were eluted in order of decreasing 
size. Calibration was done using a broad molecular weight polystyrene standard and 
detection was automated. 

 
3.3.3 Fourier Transform Infrared (FTIR) spectroscopy (Papers II - IV) 

Functional group analysis was done using FTIR by employing an infinity 60AR 
(Mattson, resolution 0.125 cm-1) for wavenumber bands generally ranging from 4000 
to 500 cm-1. Bitumen solutions (5% w/w) were prepared in carbon disulfide (CS2) for 
transmission spectroscopy which was done using sealed cells of zinc selenide 
windows (Papers II, III and IV). In thermal stability evaluations (Paper IV), amine 
additives in the blends were detected using the band around 3460 cm-1 attributable to 
N-H stretch. Absorbances for the band of interest were calculated using integrated 
peak areas between 3492 and 3425 cm-1 as first and second integration points. 
Attenuated Total Reflectance (ATR) was also performed using trapezoidal prisms of 
silicon, zinc selenide and germanium (Paper V). The FTIR-ATR method is described 
more in detail in Section 3.3.9. 

 
3.3.4 Mass spectroscopy (Paper IV) 

The two anti-stripping additives used were qualitatively analyzed by mass 
spectrometry (MS). Direct MS analysis was applied by heating a probe inlet to 
several hundred degrees. Separation of the mixtures of compounds in the additives 
was possible owing to differences in boiling points. The analytes were solutions of 
the additives in methanol/methylene chloride (50%:50%) prepared at 500 ppm (w/w). 
Aliquots of the analytes were put in a Finnigan SSQ 7000 model mass spectrometer. 
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The probe heating was programmed from 50°C for 0.5 minutes followed by a ramp to 
400ºC at 200ºC/min, and lastly held at 400ºC for 10 minutes and the resultant mass 
spectra for volatile compounds noted. The MS scan range used was m/z 29 to 800 at 
2 scans s-1.  
 

3.3.5 Measurement of base number using potentiometric titration (Paper IV) 

Titration was performed using grade reagents obtained from Merck, Germany, and 
included: (a) acetous 0.1 N perchloric acid (HClO4) as the titrant, (b) glacial acetic 
acid (99.5% CH3COOH) and (c) chlorobenzene (C6H5Cl). To obtain a suitable 
titration solvent mixture, one volume of acetic acid was mixed with two volumes of 
chlorobenzene. The reagents were selected and mixed in accordance with the Swedish 
standard ISO 3771. 
About 2 g of bitumen or additive/bitumen blend was dissolved into 100 mL of the 
titration solvent mixture in a 250 mL titration beaker using a magnetic stirrer. An 
automatic Schott Titroline easy titrator was used and set to dispense 0.1 mL per 
10 seconds of titrant into a magnetically stirred solution of the analyte to constant 
electrode potential (Pe). Blank titrations were performed on 100 mL of the titration 
solvent mixture using titrant increments of 0.01 mL per 10 seconds. Electrode 
potential was plotted against titrant volume (Vt). The volume of titrant required to 
reach the end point (V4) was determined as maximum points after plotting first 
derivatives (∆Pe/∆Vt) against Vt in Excel. The total base number (TBN) expressed in 
mg KOH/g of a sample gives its basicity and was determined according to Swedish 
ISO 3771 (Paper IV). 
 

3.3.6 Mineralogy and chemical content of aggregates (Papers II and III) 

Aggregate mineralogy was determined by sawing large samples (50 × 50 mm2), 
followed by thin sectioning onto glass slides to a nominal 30 μm thickness for 
examination. Optical microscopy (400×) was used to determine colour, grain size and 
mineral crystals in the aggregates. It was possible to identify the rock names of the 
aggregates based on the procedure by Strekeisen (1978). The minerals identified 
included quartz, feldspars, mica and ferromagnesian. Macroscopic rock texture 
analysis of the aggregates was done using a Zeiss Polarizing Microscope. The surface 
grain sizes were approximated using this technique. 

Chemical contents of aggregates were determined by analyzing their silica, alumina, 
potassium, sodium, iron, magnesium, calcium and manganese. The amounts (w/w) of 
the elements were obtained as oxides. Potassium, sodium, iron, magnesium, calcium 
and manganese were determined by digesting 200 mg of aggregate samples 
(minus 100 mesh), with 10 mL of hydrofluoric acid (conc. 40%) mixed with 3 mL of 
perchloric acid (conc. 70%). The contents were heated in a 50 mL beaker for one hour 
at 200°C and then allowed to cool at room temperature for five minutes. The resulting 
solution was diluted with distilled water, filtered and analyzed using an atomic 
absorption spectrophotometer. Alumina and silica are insoluble in the acid mixture 
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used above and were determined separately. Alumina was ascertained by a 
gravimetric method through precipitation with 8-hydroxyquinoline. Silica was 
examined by a spectrophotometric method, where the samples were digested by 
fusion with sodium hydroxide, and the resulting solution complexed with molybdate 
for analysis. More details on alumina and silica determination can be found in Jeffery 
et al. (1981).  

 
3.3.7 Mix design and compaction (Papers II and III) 

Mixtures investigated complied with the Swedish standard AG16 as stated earlier 
(cf. Section 3.2). Typically, 10 kg of each aggregate required to prepare about five 
specimens (diameter 100 mm and height 100 mm) was heated in an oven at 140oC for 
four hours. Bitumen was heated at 140oC for one hour prior to mixing with the 
aggregate. Binder content is influenced by the bitumen grade used (Road 94). For 
example, for B85 bitumen (Paper II), a binder content of 4.9% (w/w) was considered 
suitable for an AG16 mix. 515 g of hot bitumen was added to the 10 kg of hot 
aggregate and mixed at 140oC using a pugmill mixer (Scanteknik, Finland). For 
mixtures containing B60 bitumen, a binder content of 5.1% was used (Paper III). 
After thorough mixing, the mixture was put on an electrically heated pan, remixed 
using a metallic scoop to avoid segregation and covered awaiting compaction.  

About 2 kg of the loose mix was put in a hot compaction mould. Compaction of each 
specimen was done at 100oC using a gyratory compactor (Model ICT-150R/RB from 
Finland). The specimen height was slightly varied to attain the targeted air voids 
content of 7±1 (v/v). The compacted specimens were extruded from moulds and 
cooled overnight at room temperature. Rice specific gravity (EN 12697-5:2003) and 
bulk specific gravity (EN 12697-6:2003) were determined and used to check air voids 
content. The specimens were sawn into cylindrical specimens (100 mm diameter and 
40 mm height), making a total of ten specimens per bitumen/aggregate combination.  

 
3.3.8 Moisture sensitivity evaluation (Papers II and III) 

The ten specimens (100 mm diameter and 40 mm height) were randomly assigned to 
two equally sized groups, one kept as a control and the second conditioned. The latter 
involved three hours of vacuum saturation at 67 hPa to 50 - 80% saturation, then 
seven days of soaking at 40ºC. All ten specimens were kept for two hours at 10ºC. 
Resilient modulus (ASTM D4123) and split tensile strength (EN 12697-23:2003) 
tests were performed at 10ºC using a servo-hydraulic testing system 
(MTS 810, Teststar II). The runs were completely randomized to minimize bias. 
Retained resilient modulus and retained tensile strength ratios (MRR and TSR, 
respectively) were used to evaluate moisture sensitivity. Mixtures were assessed for 
moisture sensitivity basing on whether the MRR or TSR was less than, equal to or 
greater than 70%, as explained more in detail in Section 4.4.1.   



 

3.3.9 Measurement of stripping using FTIR-ATR (Paper V)  

The proposed method to evaluate the stripping phenomenon of bitumen from 
substrates is based on the theory of FTIR-ATR spectroscopy as described in Paper V. 
In the method, two thin brass frames of thickness 200 μm were fixed on top of an 
ATR prism using hydrophobic adhesive glue. The upper frame had a bigger slot than 
the lower one. The prism with the glued frames was tightly fixed into the sample 
compartment of the spectrometer by gluing, ensuring that the only pathway for water 
into the interface was through the bitumen film and not the joint (cf. Figure 3).  

13 
The top boundary of the sample holder was first fitted with a water tight cushion, and 

Figure 3. Schematic of a section through the proposed set up for FTIR-ATR testing 

 

After ensuring that the top surface of the prism was clean and dry, a small 
sausage-like sample of bitumen was carefully applied onto the top of the prism within 
the slot of the brass frame (typically at room temperature). With the temperature set at 
80oC, the bitumen was left to melt for one hour to effectively fill into the slot, hence 
establishing good initial contact with the surface of the prism. 200 and 400 μm 
bitumen films were prepared with a heated metallic scrapper.  

A Mattson Infinity series 60 AR spectrophotometer was used in this test and was 
fitted with an automatic temperature recorder heatable to 200oC. The temperature was 
set to the required value on the recorder and, when the sample chamber was within 
1oC of the set value, a background scan was taken to allow for differences in prisms 
used and atmospheric conditions. A resolution of 4 cm-1 was used and the iris was set 
at 100%. Scans were saved as interferogrames for every minute (64 scans per 
minute). The computer was set to collect a total of 999 files with one file collected 
every 1.23 minutes. An attempt was made in this study to reduce variability in time of 
onset of the stripping phase by making a 10 mm long by 0.7 mm wide notch in the 
intact bitumen films by using a sharp plastic screw driver.  

The computer program was started, and the interferogrames immediately begun to be 
recorded. When 50% of the scans were finished, the trough was slowly and carefully 
filled with distilled water until it just filled without excess water into the larger basin. 

Emerging beam 

Water Bitumen film

Incident IR beam 

Plastic cover 

ATR prism

Brass frames 
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then a plastic cover was finally placed with two 100-gramme weights so that no water 
could leak to the environment. An insulating cup was placed on top of the whole 
assembly to ensure uniform temperature during the whole experiment. A macro was 
developed to automatically process the interferogrames and the background scan into 
difference absorbance diagrams, which were also saved. The net absorbance was 
obtained by the peak height method between 3965 and 2800 cm-1 as baseline ends, 
and 3431 cm-1

 as the peak. This band corresponds to OH stretch in the water 
molecules. 
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4. Results and Analysis (Papers II – V) 
 
4.1 Material Characterization 

 
4.1.1 Bitumen 

Selected physical properties of the bitumens used in preparing bituminous mixtures 
(B-LAG2, B-SHE, B-CAL and B-T2) and in the thermal stability study (B-LAG2 and 
B-T1) were determined using standard procedures and the results are shown in 
Table 2. As can be seen, four of the bitumens were 70/100 pen grade and the fifth was 
a 50/70 pen grade. The chromatograms for four of the bitumens, as obtained from 
GPC, are shown in Figure 4a. The bitumens exhibited an early peak due to large 
molecular size (LMS) eluting at about the same time, followed by a large broad peak 
from smaller molecular size (SMS). The primary difference seems to be in the 
relative sizes of the peaks. Basing on these data, the bitumens are possibly 
qualitatively similar but quantitatively different, as the percent total areas under the 
LMS and the SMS peaks for the four bitumens were different. Infrared spectroscopy 
data for bands in the region of 1710 – 1690 cm-1 (carbonyl region) indicated that 
B-LAG2 particularly exhibited a prominent sharp peak around 1709 cm-1, while the 
other bitumens showed broad bands around this frequency (cf. Figure 4b). Data for 
acid numbers of the bitumens indicated that B-LAG2 possesses a significantly higher 
acid content than the other bitumens (cf. Table 2). The intensities for the bands 
between 1710 and 1690 cm-1, calculated using the integrated peak area method, 
showed a good correlation with acid numbers. Thus, the observed peaks in the 
carbonyl region of the IR-spectra were attributed to bitumen acidic components. 
 

Table 2. Properties of the bitumens used (Papers II, III and IV) 
Property B-LAG2 B-SHE B-CAL B-T1 B-T2 Standard 

Penetration at 25oC (x 0.1 mm) 84 86 84 86 69 EN 1426 
Softening Point (oC) 44.5 47.4 48.5 46.2 48.9 EN 1427 
Ductility at 25oC (cm) 126 115 121 118 102 D113* 
Brookfield viscosity at 135oC (mPa.s) 302 346 352 325 460  D4402* 
Total Acid Number (mg of KOH/g) 3.59 0.25 0.48 0.28 0.52 D664* 
* ASTM test methods 

 
4.1.2 Aggregates (Papers II and III) 

Aggregate composition data (cf. Tables 3 and 4) show diversity with respect to 
chemical and mineralogical composition. For instance, aggregates like A2, A4 and 
A11 exhibited high contents of quartz (≥ 70%) and SiO2. A2 and A4 also contained a 
high content of iron (15.4% Fe2O3) and calcium (14.0% CaO), respectively. 
Aggregates A1, A6 and A7 contained quartz (20 – 40%), alkali feldspars (45 – 65%) 
and mica. Mica is mechanically weak and can easily break. A8, A9 and A10 exhibited 



 

quartz and feldspars, as well as augite in the case of A10. A3 and A5 showed high 
contents of ferromagnesian minerals with Fe2O3 contents of 12.3 and 12.8%, 
respectively. A5 showed 11.4% of Na2O as can be seen in Table 4. 
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Figure 4. Chemical characteristics of the bitumens (a) GPC and (b) FTIR 

 
Table 3. Mineralogy of the aggregates investigated (% w/w) 

Aggregate Rock 
Type Quartz Feldspar Mica Ferro- 

magnesian Remarks 

A1 Granite 
Gneiss 25 55 17 - 

Alkali feldspars (KAlSi3O8, 
NaAlSi3O8) and Mica (Biotite and 
Muscovite). 

A2 Quartzite 70 - - - Purely quartz of fine-medium size 
& traces of FeO in surface fissures. 

A3 Amphibole - 17 - 75 
Hornblende – Ca,Fe,Mg silicate 
with some Na and Al. Also has 
Plagioclase (CaAl2Si2O8). 

A4 Quartzite 78 - - - Predominantly a quartzite granitic 
origin with traces of CaAl2Si2O8. 

A5 Olivine 
Melilite - - - 65 

Poor in silica and alkalis. Has 
olivine (Mg,Fe)2SiO4 and melilite 
(Ca,Na)2(Al,Mg,Fe++)(Si,Al)2O7. 

A6 Granite 40 48 20 - 
Quartz and alkali feldspar (mainly 
albite); and Mica (Biotite – Black 
Mica, Muscovite – White Mica). 

A7 Granite 
Gneiss 23 65 7 - 

Quartz and mainly alkali feldspars 
(KAlSi3O8, NaAlSi3O8), and some 
Mica (Biotite & Muscovite). 

A8 Granite 
Gneiss 43 53 - - Mostly quartz and feldspars 

A9 Syeno- 
granite 27 58 - - Quartz and mainly alkali feldspars 

(KAlSi3O8 and NaAlSi3O8). 

A10 Tonalite 17 58 - 17 Plagioclase - CaAl2Si2O8, silica 
SiO2 and Clinopyroxene (Augite) 

A11 Quartzite 99.8 - - - Almost quartz and traces of opaque 
with coarse texture. 
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Table 4. Chemical contents of the aggregates studied (% w/w) 

% by Weight 
Aggregate 

SiO2 Al2O3 CaO MgO Na2O K2O Fe2O3 MnO2

A1 75.50 13.60 1.30 0.50 2.90 4.50 1.70 0.03 

A2 83.60 0.70 0.01 0.03 0.03 0.20 15.40 0.02 

A3 30.90 34.10 10.10 7.60 4.20 0.51 12.30 0.24 

A4 77.30 3.00 14.01 0.02 4.02 0.10 1.50 0.03 

A5 32.90 22.60 14.60 3.50 11.40 1.92 12.80 0.30 

A6 79.20 11.50 0.52 0.10 3.30 4.30 1.00 0.10 Fr
om

 th
e 

tr
op

ic
s 

A7 77.50 12.90 1.30 0.50 1.80 4.94 1.00 0.06 

A8 71.20 14.30 4.30 0.30 2.82 5.35 1.61 0.06 

A9 71.90 19.00 1.64 1.14 2.70 1.70 1.80 0.11 

A10 53.70 22.40 8.10 0.54 2.80 1.64 10.63 0.20 

Fr
om

 th
e 

te
m

pe
ra

te
 

A11 89.50 9.30 0.04 0.06 0.06 0.40 0.64 0.04 

 
4.1.3 Liquid anti-stripping additives (Papers IV and V) 

Examination of the additives by mass spectrometry indicated that they contained 
many substances, although there were some which were more abundant than others. 
The results indicated that the most abundant components in the Duomeen were 
aliphatic diamines with possibility of a double bond in the chain. Obtaining the exact 
chemical structure of this main component was quite difficult due to the complex 
mixture of several compounds and difficulties in getting molecular ions. Mass 
spectrometry indicated that the Redicote contained imidazoline rings (5-member 
rings) in the structure of its main components. Infrared spectroscopy on this additive 
showed no existence of carbonyls, which led to the assumption that imidazoline rings 
may probably be present. Furthermore, the results of mass spectrometry showed 
possibility of aliphatic chains (R-) in the main component of the Redicote additive.  

Total base numbers (alkalinities) for the two additives were determined using 
potentiometric titration and the results from triplicate runs were; Duomeen: 304, 354 
and 328 mg KOH/g, respectively, and Redicote: 459, 471 and 470 mg KOH/g. 
respectively. These results indicate that Redicote might be a stronger base than 
Duomeen.  

 
4.2 Behavior of additives mixed with bitumen (Paper IV) 

The results of investigations on thermal stability of two liquid anti-stripping additives 
(Duomeen and Redicote) mixed with bitumens B-LAG2 and B-T1 are given in this 
section (Paper IV). Analysis in section 4.1.3 indicated that Redicote might be a 
stronger base than Duomeen. The two bitumens used exhibited diverse acid numbers 
of 3.6 and 0.3 mg KOH/g, respectively, for B-LAG2 and B-T1 (cf. Table 2). Thermal 



 

stability was investigated by checking whether reaction occurs between the additives 
and the bitumens after mixing and storing at various times (1, 24 and 72 hours) and 
temperatures (25, 100, 140 and 150ºC). Additives were detected using potentiometric 
titration (cf. Section 3.3.5) and infrared spectroscopy (cf. Section 3.3.3). The Total 
Base Number (TBN) calculated is proportional to the amount of basic amines present. 
For example, Figure 5 presents plots of TBN (in equivalent mg KOH/g) against 
storage time at different temperatures (each plot) for 0.5% additive dosage. It is noted 
that this dosage is close to the values mostly used in the field. 
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Figure 5. TBN data of the blends at 0.5% additive dosage 
 

In each plot, the highest TBN was generally observed at a storage time of 1 hour and 
temperature of 25ºC. For ease of analysis, the TBN values corresponding to these 
conditions were assigned values of 100%, and all the others were normalized relative 
to this value. The results generated are shown in Table 5. A similar treatment was 
done to the data for additive concentrations of 1.0 and 2.0%. The data in Table 5 
show that for blends of B-LAG2 and Redicote, increasing temperature from 100 to 
140oC meant decreases in TBN (normalized percentages) of 25 and 19%, 
respectively, at storage times of 24 and 72 hours. For B-T1, the corresponding 
reductions in TBN were 16 and 5%, respectively. Additional increase in temperature 
from 140 to 150oC showed reductions in TBN at 24 and 72 hours that were much less 
prominent for Redicote mixed with B-LAG2 (1% either case) than Duomeen with the 
same bitumen (15 and 11%, respectively). This difference between the additives 
could be ascribed to depletion of Redicote after reacting 24 hours with B-LAG2 at 
140oC. It may also be attributed to the depletion of the reactive bitumen components. 
However, at higher dosages (1 and 2%, respectively), continuous decrease in TBN 
was observed even at 150oC, substantiating the possibility that the reactive bitumen 
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components were still there. These observations led to the conclusion that at a 0.5% 
dosage, almost all the Redicote had reacted with B-LAG2 after storage at 140ºC for 
24 hours.  
 
Table 5. Normalized values of TBN (as percentages) at 0.5% additive concentration 

B-LAG2 B-T1 
Duomeen Redicote Duomeen Redicote Temp. 

1 hr 
24 
hr 

72 
hr 1 hr 

24 
hr 

72 
hr 1 hr 

24 
hr 

72 
hr 1 hr 24 hr 

72 
hr 

25oC 100 94 89 100 82 77 100 99 98 100 102 86 
100oC 95 85 81 90 76 69 99 93 89 101 103 83 
140oC 91 74 64 86 51 50 93 86 83 103 87 78 
150oC 83 59 53 82 50 49 87 82 81 97 78 75 
 

Additionally, the data in Table 5 indicate that storage at 25oC caused minor 
reductions in TBN for B-T1 when time increased from 1 to 24 hours, while the 
reductions in B-LAG2 under the same conditions were higher. At temperatures of 140 
and 150oC, the TBN decreased more quickly for a similar change in time (1 to 
24 hours) except for B-T1 mixed with Duomeen. Changing time from 24 to 72 hours 
produced smaller reductions in TBN for all blends. On the whole, the TBN data seem 
to have decreased more rapidly in B-LAG2 than B-T1, irrespective of the additive 
used. This can be noticed for Redicote after storage at 150oC for 72 hours where the 
TBNs for B-LAG2 and B-T1 are 49 and 75%, respectively. The equivalent values are 
53 and 81%, respectively, for Duomeen. A similar pattern was observed at dosages of 
1.0 and 2.0%.  

Infrared spectroscopy was also used to detect amine additives still present after 
exposing blends to storage conditions. The values of the infrared absorbance (peak 
areas) around 3460 cm-1 were obtained (Paper IV). Although the bands around 
1030 cm-1 changed during storage (possibly due to ageing), this probably had nothing 
to do with  the observed increases in the NH bands around 3460 cm-1. Hence, the 
changes in the 3460 cm-1 band were ascribed to reductions in quantities of amines 
present in the blends. Increasing the time of storage reduced the NH absorbance at 
100 and 1400C for all the blends studied. The percentage reductions in absorbance 
were calculated at these temperatures as time changed from 1 to 24 hours and from 24 
to 72 hours, respectively, and the results are shown in Figure 6. These results show 
that the reductions in NH absorbance were generally higher in B-LAG2 than B-T1, 
especially at 140oC. This observation indicates that the additives interacted more with 
B-LAG2 than B-T1. Comparing the reductions in NH absorbance of the additives 
mixed with B-LAG2 at 1%, Redicote shows more reduction than Duomeen, when the 
time of storage at 140oC increased from 24 to 72 hours. This observation does not 
seem to hold at 2% dosage. It appears that the interaction was most pronounced 
between B-LAG2 and Redicote stored at 140oC. 



 

Statistical analysis was done to identify the factors and their interactions contributing 
significantly to change in TBN of the blends studied. The factors assessed included 
bitumen type, additive type, dosage, storage time and temperature. ANOVA was 
employed at α = 0.05. The results indicated all these factors and their two-way 
interactions to be significant except the binder/amine and amine/temperature 
interactions. Ranking the factors in terms of contribution to change in TBN gave: 
dosage (F = 1319) > amine type (F = 316) > bitumen type (F = 286) > storage time 
(F = 105) > temperature (F = 102). The leading interaction was between amine type 
and dosage (F = 61), while the rest showed relatively low F-values (below 17).  
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Figure 6. Reduction in NH absorbances due to storage conditions 

 
4.3 Mechanical properties of bituminous mixtures (Papers II and III) 

One of the major problems associated with pavement performance is moisture 
damage at the interface between bitumen and the aggregate. It has also been claimed 
that cohesion failure within bitumen/mastic occurs due to moisture damage. Water 
damage problems always affect mechanical properties of the bituminous mixtures. In 
this study, the mechanical properties measured were resilient modulus followed by 
tensile strength at 10oC, causing failure along the diametral plane of the specimens. 

Initially, all the eleven aggregates were mixed with one 70/100 pen bitumen 
(B-LAG2). This bitumen was selected because it exhibited a high acid number 
(3.6 mg KOH/g, of all the 70/100 pen grade bitumens studied, cf. Table 2). The high 
acid number is possibly due to high content of carboxylic acids. While these acids are 
polar and adhere strongly to dry aggregates, they tend to be removed comparably 
easily from the aggregate in presence of water. However, this behavior may vary with 
the nature of the aggregate surface.  

In the second stage, four bitumens and four aggregates were used to study varying 
compositions of the materials and how they relate to mixture mechanical properties. 
The bitumens used were B-CAL, B-SHE, B-LAG2 and B-T2 (cf. Table 2), and the 
aggregates were A8, A9, A10 and A11 (cf. Tables 3 and 4).  
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To illustrate the effect of aggregate composition on tensile strength, the results of dry 
and wet indirect tensile strengths are summarized in Figure 7 for all the 11 aggregates 
and bitumen B-LAG2 (Paper II). The dry tensile strength shows two levels among the 
aggregates studied. Aggregates A4, A8, A9, A10 and A11 exhibited lower dry tensile 
strength than the other aggregates. With regard to conditioned mixtures, the results 
show that aggregates A1, A5, A8 and A9 exhibited very low wet tensile strength 
(≤ 1 MPa). Aggregates A1, A8 and A9 contained quartz and alkali feldspars, 
indicating that these minerals are possibly moisture susceptible. Even though A5 
contains high contents of calcium and iron (14.6 and 12.8%, respectively), which 
according to literature are considered positive with regard to moisture sensitivity, it 
showed low wet tensile strength. 

0.0

1.0

2.0

3.0

4.0

5.0

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11

Aggregate Type

Te
ns

ile
 S

tre
ng

th
 (M

Pa
) Before Water Treatment

After Water Treatment

 
Figure 7. Tensile strengths for dry and conditioned bituminous mixtures (10oC)  

 

For the investigation of mixture properties involving four bitumens and four 
aggregates, the results of tensile strength are shown in Figure 8 (Paper III). These 
results indicate interesting patterns. The dry tensile strengths seem to be almost 
independent of the aggregate used for a given bitumen, even though they may vary 
from one bitumen to another. The wet tensile strengths, on the other hand, seem to be 
aggregate specific with the same result pattern for each bitumen. 

The highest dry tensile strengths are associated with B-LAG2. This result could be 
attributed to the high concentration of acidic compounds (high acid number) that 
strongly adsorb onto surfaces of the studied aggregates. B-T2 seems to have relatively 
high dry tensile strength for all aggregates compared to B-CAL and B-SHE, although 
all these bitumens show low acid numbers. This observation could be explained by 
the lower penetration grade exhibited by B-T2.  

The high wet strengths for aggregate A10 could be attributed to presence of anorthite 
(58%; cf. Table 3) that contains calcium. This aggregate also has ferromagnesian 
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(17%, cf. Table 3), containing calcium, magnesium and iron. Moreover, the data in 
Table 3 indicate high concentrations of iron and calcium (11 and 8%, respectively) 
for this aggregate. As already mentioned, these elements interact with acids in the 
bitumen to form acid salts, which do not easily dissolve in water (Robertson 2000). 
Mixtures from aggregate A11 showed high values of dry and wet tensile strengths. In 
particular, the high wet tensile strength across the studied bitumens were surprising, 
since the literature studied indicate that such a quartzite would rather be considered 
water sensitive. The reason for this discrepancy could not be found from this work. 
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Figure 8. Tensile strength data for the bituminous mixtures (10oC) 

 

4.4 Moisture sensitivity of bituminous mixtures (Papers II and III) 

 
4.4.1 Evaluation of moisture sensitivity 

Moisture sensitivity was determined based on the retained strength after water 
conditioning. In evaluating this sensitivity, a two-tailed t-test was done on the MRR 
and TSR data for the mixtures. For the dry and water conditioned sample data sets, 
means and standard deviations were obtained and used. The decision criteria were 
formulated as listed in Table 6. Three regions of the t-distribution were formed and 
arbitrarily named LOW, MEDIUM and HIGH, respectively, equivalent to the inference 
that MRR or TSR is significantly less than, equal to or greater than 70%. 
 

      Table 6. Decision criteria for the mixtures that were studied 
Region Condition Decision Inference 
LOW t < -2.306 Reject Ho MRR or TSR < 70%: High moisture sensitivity 

MEDIUM -2.306 < t < 2.306 Not reject Ho MRR or TSR = 70%: Average moisture sensitivity 
HIGH t > 2.306 Reject Ho MRR or TSR > 70%: Low moisture sensitivity 

      Ho: MRR or TSR = 70% is tested against H1: MRR or TSR ≠ 70% 
        tcr = tn1 + n2 -2, 0.025 = t8, 0.025 = 2.306 
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Moisture sensitivity was studied in two stages. Stage one was concerned with 
investigating the influence of aggregate chemical and mineralogical composition on 
moisture sensitivity (Paper II). This stage involved bituminous mixtures from all the 
eleven aggregates and one bitumen (B-LAG2). Stage two dealt with investigation of 
the interactive effect of bitumen and aggregate composition on moisture sensitivity 
(Paper III). In stage two, mixtures were prepared from bitumens B-CAL, B-SHE, 
B-LAG2 and B-T2 (cf. Table 2) and aggregates A8, A9, A10 and A11 (cf. Table 3) 
yielding 16 combinations. 

 
4.4.2 Influence of aggregate composition (Paper II). 

The MRR and TSR ratios obtained are shown in Figure 9. Numbers on top of the bars 
are ratios of the mean of five water conditioned strength values to the mean of five 
dry strength values. The statistical analysis of these data based on criteria in Table 6 
gave results that are shown in Table 7.  
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Figure 9. MRR and TSR mean values of mixtures containing the eleven aggregates 

 

The mixtures from aggregates containing alkali metals like sodium and potassium 
seem to be sensitive to moisture damage. Sodium and potassium are always present in 
alkali feldspars like albite (NaAlSi3O8) and orthoclase (KAlSi3O8), respectively. For 
example, aggregates A1, A6, A7 and A9 contain alkali feldspar contents of 55, 48, 65 
and 58%, respectively (cf. Table 3). Furthermore, the sums of the contents of oxides 
of sodium and potassium for these aggregates are 7, 8, 7 and 4%, respectively 
(cf. Table 4). The results in Table 7 indicate that on the whole, these aggregates gave 
mixtures in the region that is sensitive to stripping, except the MRR ratios for 
aggregates A1 and A5 that lie in the region of average stripping resistance.  
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Table 7. Inferences for mixtures from the eleven aggregates and bitumen B-LAG2 
t-value for Statistical Inference on wet-to-dry strength ratios 

MRR (%) TSR (%) Aggregate MRR TSR HIGH MEDIUM LOW HIGH MEDIUM LOW 
A1 -1.014 -6.338  §    β 
A2 -1.892 -2.180  §   §  
A3 5.326 3.072 x   x   
A4 -0.603 -1.781  §   §  
A5 -1.050 -10.455  §    β 
A6 -5.204 -8.922   β   β 
A7 -4.461 -5.931   β   β 
A8 -0.298 -6.182  §    β 
A9 -16.215 -20.689   β   β 

A10 -0.513 -0.915  §   §  
A11 -0.036 3.750  §  x   

x = mixture resistant to moisture, § = mixtures with average resistance, and β = mixture sensitive to moisture 
 

Generally, aggregates having calcium, magnesium and iron exhibited low moisture 
sensitivity. Calcium exists in anorthite (CaAl2Si3O8), while magnesium and iron exist 
in ferromagnesian minerals like olivine and augite (cf. Section 2.3). For example, 
aggregates A3, A5 and A10 showed CaO contents of 10, 15 and 8%, respectively, and 
Fe2O3 contents of 12, 13 and 11%, respectively (cf. Table 4). Table 3 shows that these 
aggregates contain anorthite and ferromagnesian minerals which are rich in calcium, 
magnesium and iron. The results in Table 7 indicate that these aggregates gave 
mixtures with low moisture sensitivity for A3, and medium sensitivity for A5 and 
A10. A5 shows high sensitivity based on TSR possibly due to a relatively high 
content of Na2O with a value of 11% (cf. Table 4). 

It has often been reported in literature that aggregates containing quartz are associated 
with high moisture sensitivity. Aggregates A1, A6, A7 and A9, with quartz contents 
of 25, 40, 23 and 27%, respectively, gave mixtures that were generally sensitive to 
moisture damage (cf. Table 7). Although A2 and A4 exhibited higher quartz contents 
(70 and 78%, respectively), they showed average moisture sensitivity (cf. Table 7), 
possibly due to high Fe2O3 (15%) for A2 and CaO (14%) for A4, which are linked to 
low moisture sensitivity. Aggregate A11 with almost 100% quartz showed very low 
moisture sensitivity, which was not expected (cf. Figure 9 and Table 7). This result is 
further discussed in Section 5. 

Since quartz mineral is constituted by silica (SiO2), analysis was done to find out 
whether a relationship exists between the MRR or TSR data on one hand, and 
aggregate SiO2 content, on the other. Scatter plots were prepared as shown in 
Figure 10. No linear relationship between MRR or TSR and the content of SiO2 is 
apparent. The same observation was made for Al2O3 and also the total acid insolubles 
(SiO2 + Al2O3) as seen in Paper II. This observation seems to concur with findings of 
work by Blazek et al. (2001).  



 

Aggregates with high mica contents seem to be associated with high sensitivity to 
moisture. Table 3 shows that A1 and A6 contain mica contents of 17 and 20%, 
respectively, and these aggregates gave mixtures that showed high moisture 
sensitivity in three out of four cases.  
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Figure 10. Mean MRR and TSR versus SiO2 content 

 

 
4.4.3 Interactive influence of bitumen and aggregates (Paper III) 

The results for stage two were evaluated with respect to the influence of bitumen 
properties (penetration grade and acid number) and aggregate chemical/mineralogical 
content on moisture sensitivity. The MRR and TSR data are summarized in Figure 11. 
The statistical analysis of these data based on criteria in Table 6, gave results that are 
shown in Table 8. 

Generally, the results indicate that across the four bitumens studied, the MRR and 
TSR data do not seem to indicate any significant differences in moisture sensitivity 
for a particular aggregate. For example, mixtures from aggregate A9 exhibited the 
highest moisture sensitivity, while those from aggregate A11 showed the lowest 
sensitivity, irrespective of the bitumen used (cf. Figure 11). This observation is 
noticed, even though the bitumens showed differences in acid numbers (e.g. B-CAL 
and B-LAG2), penetration grading (e.g. B-SHE and B-T2) and molecular size 
distribution (e.g. B-LAG2 and B-T2). Consequently, based on these results, there 
appears to be no obvious influence of bitumen acid number, penetration grade or 
molecular size distribution on moisture sensitivity of bituminous mixtures. 
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Figure 11. Moisture sensitivity data for the four bitumens and four aggregates  

 
 
Table 8: Inferences for mixtures from the four aggregates and four bitumens 

Statistical Inference on wet-to-dry strength ratios 
MRR (%) TSR (%) Aggt Bitumen 

HIGH MEDIUM LOW HIGH MEDIUM LOW 
B-CAL   β   β 
B-SHE   β   β 
B-LAG2  §    β A8 

B-T2   β   β 
B-CAL   β   β 
B-SHE   β   β 
B-LAG2   β   β A9 

B-T2   β   β 
B-CAL   β   β 
B-SHE  §   §  
B-LAG2  §   §  A10 

B-T2  §   §  
B-CAL x   x   
B-SHE x   x   
B-LAG2  §  x   A11 

B-T2 x   x   

x = high resistance to stripping, § = mixtures with medium resistance, and β = mixture sensitive to moisture 
 

For the aggregates studied, the order of resistance to moisture sensitivity was 
A11 > A10 > A8 > A9, irrespective of the bitumen used (cf. Figure 11). A critical 
look at the mineralogical and chemical composition of the moisture sensitive 
aggregates (A8 and A9) mixed with all bitumens (cf. Tables 3 and 4), supports the 
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assertion that alkali metals (sodium and potassium) most likely contribute to the high 
moisture sensitivity. Aggregate A10 (ranked second among the four aggregates 
studied), exhibited average moisture resistance for bitumens B-SHE, B-LAG2 and 
B-T2, and high moisture sensitivity with bitumen B-CAL, which actually showed the 
lowest acid number (cf. Table 2). This aggregate contains anorthite feldspar (58%), 
quartz (18%) and about 8% CaO and 11% Fe-oxide. The presence of calcium and iron 
could be one reason behind the generally observed intermediate resistance to moisture 
damage. 

 
4.5 Bitumen displacement from substrates by water (Paper V) 

 
4.5.1 Introduction 

A technique based on FTIR-ATR was developed and used (Paper V). Bitumens 
B-LAG1, B-LAG2, B-LAG3, B-LAG4, B-MEX and B-ARB were used to make films 
on various substrates (silicon, germanium and zinc selenide crystals). The influence 
of factors like film thickness, temperature, bitumen modification, nature of substrate 
and bitumen source and penetration grade, as well as modification of some bitumens 
using amine additives (Duomeen and Redicote) was studied.  

Plots of OH-stretch absorbance (using the peak height method, cf. Section 3.3.9) as a 
function of time were used in studying stripping. Generally, the results indicated that 
during the experiment, at least one of three processes took place. These processes 
were (1) diffusion of water into the bitumen/substrate interface, (2) break in the 
bitumen film, and (3) displacement of bitumen from the substrate surface, 
respectively. In the bitumens that did not strip, the little water detected at the interface 
was transported by the first process, although this diffusion did not obey Fick’s law.  

Two parameters were used to distinguish between the stripping and non-stripping 
bitumens. The first was the slope of the absorbance-time plot where the rate of change 
of absorbance was highest, and arbitrarily named SA. This parameter measures the 
rate at which water enters the interface. The second was the ratio of final absorbance 
at the plateau of the curve, to the maximum absorbance of pure water on substrates. 
This parameter, arbitrarily denoted DR, gives the degree of damage after stripping. 
The absorbance of water is substrate specific, and the values got and used for zinc 
selenide, silicon and germanium substrates were 0.80, 0.36 and 0.23, respectively. 
The parameters SA and DR are discussed more in detail in Paper V. 

 
4.5.2 Results obtained using silicon crystal 

The influence of bitumen source on the water damage is illustrated in Figure 12. To 
reduce variability in the time of onset of stripping, a notch (10 mm × 0.7 mm) was 
made in the bitumen films (cf. Paper V). As indicated in Figure 12, there seems to be 
an immediate commencement of water entry into interfaces when bitumen films are 
notched. The rate at which water enters the interface and the degree of stripping both 



 

seem to be bitumen specific. For the notched films, the highest damage was exhibited 
by B-LAG3 followed by B-MEX and lastly B-ARB, which essentially did not strip. 
In cases of intact bitumen films, stripping did not seem to always begin immediately. 
For such films, the results of B-ARB and B-MEX are almost the same but lower than 
those of B-LAG3. Total acid number (TAN) for each of these bitumens was obtained 
in accordance with ASTM D 664. The results obtained were 3.9, 0.1 and 0.1 
mg KOH/g for B-LAG3, B-ARB and B-MEX, respectively. Based on these values, 
and the results in Figure 12, it appears that acid content is perhaps one of the factors 
with a major influence on the stripping observed.  
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Figure 12. The influence of film notching on stripping at 60ºC using three different 
bitumens of pen grade 180.  
 

The influence of adding amines to the bitumens can be seen from the results in 
Figure 13. After modification with amines, B-LAG3 shows a very large drop in 
damage even when the bitumen film is notched. The small difference between 
notched and intact films after modification indicates that notching does not provide 
another pathway for water. It appears that any water molecules detected by ATR at 
the interface moved across bitumen films, and consequently, not via the joint between 
the bitumen films and the brass frames.  

The influence of penetration grade on stripping was also studied using four bitumens 
(B-LAG1, B-LAG2, B-LAG3 and B-LAG4), all from one source (Laguna, 
Venezuela) (cf. Table 1). These bitumens were tested at 60ºC using intact films on 
silicon substrate. The results indicated that the amount of water detected at the 
interface for the hardest grade bitumen (B-LAG1) was the lowest, followed by 
B-LAG2. B-LAG3 and B-LAG4 with pen grades of 180 and 370, respectively, did 
not exhibit much difference, although the high rate of water entry into the interface 
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begun earlier for B-LAG4 than B-LAG3. These results indicate that penetration 
probably has an influence on stripping. 
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Figure 13. The influence of amine additives on the stripping of Laguna bitumen at 
60ºC using silicon substrate 

 
4.5.3 Results obtained using zinc selenide substrate 

Some tests were conducted using the zinc selenide substrate. For example, the 
influence of bitumen film thickness was examined by carrying out tests on bitumens 
B-LAG3, B-ARB and B-MEX at 60ºC. Two film thicknesses of 200 and 400 μm 
were used, and the results are presented in Figure 14. Basically, very little water was 
detected at the interface for the 400 μm films. On the other hand, a reasonable amount 
of it was detected for 200 μm films. Water and bitumen, being incompatible systems, 
probably makes it a bit more difficult for water to reach the interface as the bitumen 
film becomes thicker.  
 
4.5.4 Influence of substrate on stripping 

Results of some tests done using the three substrates are given in Table 9. The 
bitumen films tested using silicon and germanium substrates exhibited higher damage 
than those for zinc selenide substrate. High values of SA and DR are exhibited by 
B-LAG3 on silicon and germanium, as opposed to the zinc selenide substrate. To 
illustrate this difference for the substrates, B-LAG3 and B-ARB showed small 
differences in damage using zinc selenide at 60ºC (DR values of 15 and 14, 
respectively). On the other hand, large differences exist for the same bitumens at 60ºC 
when silicon and germanium, respectively, were used (DR values of 61 and 10, and 60 
and 11, respectively). Literature shows that silicon and germanium are protected by a 
thin layer of their respective oxides (cf. Paper V). The surface chemistry of zinc 
selenide could not be established. With the exact chemistry of the zinc selenide 

29 



 

surface not known, it is difficult to find an explanation for the discrepancy in results 
of zinc selenide on one hand, and silicon and germanium, on the other. ` 
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Figure 14: Intensity changes for three bitumens of pen grade 180 at 60ºC using two 
different film thicknesses (zinc selenide substrate) 

 

Table 9: Some results of damage parameters for all the substrates used 

Si crystal ZnSe crystal Ge crystal 
Bitumen 

SA (10-2) DR (%) SA (10-2) DR (%) SA (10-2) DR (%) 

B-LAG3 at 50ºC 0.07 24 nd 5 nd 6 

B-LAG3 at 60ºC 0.19 61 0.06 15 0.10 60 

B-LAG3 + Duomeen at 50ºC nd 6 nd 3 nd 10 

B-LAG3 + Duomeen at 60ºC nd 9 nd 6 nd 15 

B-ARB at 60ºC nd 10 0.02 14 nd 11 

*B-ARB at 60ºC notched film nd 11 - - nd 30 
nd = not determined because phase 2 was not exhibited during the test as observed from the absorbance-time plots 
* This is the only value with notched films, the rest of the tests were of intact films. 
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5. Discussion and conclusions 
It is generally recognized that moisture damage in bituminous mixtures, due to 
water-induced separation of bitumen from aggregates (stripping), is one of the major 
causes of deterioration in pavements. The importance of this phenomenon is 
manifested by the numerous research efforts and published work about it, since the 
early twentieth century. In spite of this fact, the stripping phenomenon remains 
complex and is currently far from being fully understood. Mechanisms have been 
proposed to provide possible explanations that could possibly lead to an 
understanding of the phenomenon (Paper I). Nevertheless, they are still speculative 
and are yet to be fully proved through fundamental laboratory experiments. Stripping 
has been linked to several parameters, which themselves are complex in nature. Some 
of these parameters include physio-chemical characteristics of bitumen and 
aggregates, dynamic action of traffic loads, climate, construction practice, and others. 
Owing to complexity in nature of these parameters, and the importance of stripping in 
pavement performance, need arises for continued research towards a better 
understanding of this phenomenon. 

The main purpose of this study was to investigate how the behavioral characteristics 
of bituminous materials relate to moisture sensitivity in bituminous mixtures. The 
physio-chemical interaction between bitumen and aggregates in presence of water is 
very complex and challenging. This arises because the materials themselves (bitumen 
and aggregates) are mixtures comprising a large number of internal species with 
diverse chemistry. Bitumens (modified and unmodified) contain varied compounds 
that differ widely in polarity, structure and molecular weight. Aggregates are also 
highly varied in mineralogies, crystal structures and surface textures. This fact 
probably, at least partly, explains why there have been notable differences in findings 
from previous fundamental studies on relationships between material properties and 
moisture sensitivity in bituminous mixtures. The scope of the study reported in this 
thesis was mainly limited to bituminous materials (bitumen, aggregates and 
anti-stripping additives), even though many other factors affect moisture sensitivity, 
some of which are indicated in Figure 1. Some of the other important factors are 
simulated in the experiments that were done during the research. 

Experimental work was undertaken to investigate the influence of material properties 
(bitumen and aggregate composition) on moisture sensitivity (Papers II and III). The 
approach used involved first determining the influence of aggregate composition 
(mineralogy and chemistry) on moisture sensitivity using one bitumen, followed by 
studying the interactive effect of bitumen and aggregates (cf. Sections 4.3 and 4.4). 

In studying the effect of aggregate composition, a high acid bitumen was used, since 
previous studies showed acidic components in bitumen to exhibit unique behaviour 
with regard to moisture sensitivity. As expected, many of the aggregates containing 
sodium and potassium in alkali feldspars generally showed high moisture sensitivity. 
On the contrary, presence of calcium, magnesium and iron was associated with 
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aggregates with low moisture sensitivity. One surprising finding during this study was 
that of an aggregate with practically 100% quartz, which exhibited low moisture 
sensitivity. This behaviour contradicted most findings in literature, where such a 
siliceous aggregate would rather be considered moisture sensitive. However, Petersen 
et al. (1998) reported a somewhat similar behavior, where hydrophilic polysilanol 
coupling agents were able to produce moisture resistant bonds with hydrophilic 
surfaces on minerals such as silica and alumina. They ascribed this to presence of 
poly-functionality on bitumen molecules, which reduces the probability that all of the 
asphalt-aggregate bonds of the same molecule in dynamic equilibrium with water are 
detached at the same time. Thus, the notion that siliceous aggregates are moisture 
sensitive may not necessarily be true. Since quartz essentially contains silica SiO2, an 
attempt was made in this study to establish a relationship between moisture sensitivity 
and SiO2 using the results obtained. No linear relationship between moisture 
sensitivity and the contents of SiO2 in the aggregates studied was obtained 
(cf. Figure 10). The same observation was made for Al2O3 content (Paper II). 
Additional research is needed to support or falsify this finding, possibly by using 
different methods in characterizing aggregate composition and moisture sensitivity. It 
would also be interesting to investigate other aggregate properties like surface texture, 
porosity and particle shape. 

Furthermore, the results of interactive influence of bitumen and aggregates indicated 
that high acid and low penetration bitumens exhibited high dry tensile strength for all 
aggregates studied (cf. Figure 8). On the other hand, the wet strengths were aggregate 
specific for all bitumens studied. It is important to extend this research to wider 
combinational differences of materials with more diverse characteristics. For instance, 
this study did not include calcareous minerals like limestone (calcite and dolomite), 
because aggregates containing such minerals were not available in the source quarries 
used. Bitumen composition could also be widened with respect to, for example, 
nitrogen content in addition to carboxylic acid content. 

Prediction of moisture sensitivity of bituminous materials at the pavement design 
stage is of major importance. Over the last seven decades, there has been pursuit for 
reliable tests with regard to moisture sensitivity. However, no test is currently 
available for fully providing information that can be used in a mechanistic-empirical 
design framework. A reliable test for moisture sensitivity needs to satisfy certain key 
criteria as: 

1. It should be economical and easy to operate, 
2. Must be repeatable and reproducible, 
3. Must properly simulate the mechanisms that cause moisture damage, as well 

as correlate laboratory behaviour with field performance, and  
4. Must discriminate poor and good performers with regard to stripping. 

The method that was used in this study was in accordance with (EN 12697-12:2003) 
for conditioning, ASTM D 4123 for resilient modulus determination and 
(EN 12697-23:2003) for indirect tensile strength testing (Papers II and III). It was 
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considered important to include resilient modulus, because it is often used as a 
measure of load distribution capability of pavement materials (i.e., elastic modulus in 
layered elastic models to calculate response). The method used shows some 
similarities with other methods like the modified Lottman test (AASHTO T283). 
Gyratory compaction was used, because its kneading action is considered to better 
simulate field compaction than Marshall compaction, which uses impact blows. 
However, the method is empirical in nature, even though the results showed good 
agreement in the data of the same specimens. The 95% confidence limits were 
relatively narrow for 5-sized specimens (cf. Figures 7 and 8). Another shortfall could 
be that the test relies on relative strengths before and after water conditioning. There 
may be cases where both wet and dry strengths are low but their ratios (MRR and 
TSR) are high. This would pass a mixture as being resistant to moisture damage, but 
the absolute values of strengths would be inadequate to support heavy vehicle loads. 
As an example, aggregate A11 used in this study showed low dry and wet strengths, 
in relation to some other aggregates, when mixed with bitumen B-LAG3 
(cf. Figure 7). On the other hand, it exhibited the lowest moisture sensitivity based on 
MRR and TSR ratios. 

Numerous measures have been proposed to minimize the problem of stripping in the 
field. Nevertheless, most of them have not been fully effective because of various 
reasons. For example, many liquid anti-stripping additives are often used by several 
practitioners to improve wetability and the bond between aggregates and aggregates. 
In spite of this fact, there are still some questions regarding their effectiveness with 
regard to chemical composition and storage conditions after being mixed with 
bitumen. As part of this study, it was considered interesting to undertake laboratory 
investigations to find out if there are optimum choices of conditions under which 
amine-based anti-stripping additives would give good performance (Paper IV). Two 
typical liquid amine-based additives were used (Duomeen and Redicote) as described 
in Section 3.2. Since amine-based additives are alkaline in nature, it was decided to 
use two bitumens of diverse acidity mixed with the two additives as described in 
Section 4.2. To strengthen reliability of the results, two different methods, 
potentiometric titration and FTIR spectroscopy, were used.  

The results indicated, among other things, that potentiometric titration was reasonable 
in characterizing the effectiveness of the anti-stripping additives. On the other hand, 
even though a correlation was found between the results of potentiometric titration 
and FTIR spectroscopy, the latter was not good enough at detecting amine-based 
additives, especially at low additive concentrations. Furthermore, the results showed 
that utility of amine additives was found to reduce markedly, when the more alkaline 
additive was mixed with the high acid bitumen, followed by storage under 
pronounced conditions of time and temperature (24 hours and 140ºC, or more, in this 
study). This result was not surprising, since acids and bases easily interact when 
mixed. The direct implication of this finding would be the need to increase the 
additive dosage so as to satisfy the bitumen demand. Not only would this increase the 
cost of modifying the bitumen to reduce moisture damage, but it can also compromise 
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other performance requirements like resistance to rutting. This arises because too 
much additive has been shown to affect consistency of the bitumen, and hence its 
rheological characteristics (Anderson et al. 1982). Research is needed to obtain 
optimum dosage of such additives in bitumens without compromising performance 
requirements. 

As already mentioned, the mechanisms that are traditionally believed to contribute to 
moisture damage are still speculative. A more fundamental understanding of how 
such mechanisms affect the moisture damage process becomes important. 
Consideration needs to be given to micromechanisms that influence the strength and 
durability of adhesion at the binder/aggregate interface under the effects of 
temperature and water. Many studies have been done and findings published during 
the last 30 years, regarding interfacial bonds fundamentally related to the nature of 
the internal active components of bitumen and active sites on aggregate surfaces. 
However, little effort has been geared towards developing methods that can help to 
understand how water is transported from the void space environment to the 
binder/aggregate interfaces. Most of the proposed processes are still hypothetical and 
need to be proved through fundamental tests. One study that contributed to this 
knowledge was by Nguyen et al. (1992) during the SHRP project, although it had 
some short comings as noted in Paper V. 

Given the importance of the area of stripping on pavement performance, the 
mechanisms behind it need to be understood more in detail. Previous research has 
mainly been based on subjective observations. A typical example is work by 
Fromm (1974), who advanced the mechanism of formation of inverted emulsions. 
The recognition of the contribution of his work not withstanding, his method was 
subjective in nature. Another good example is work by Brown et al. (1990), who 
proposed the contribution of micro-organisms to the stripping process.  

A technique based on FTIR-ATR was developed in this study to help understand how 
water is transported into interfaces, as well as mechanisms of stripping (Paper V). 
Three possible mechanisms were observed from the results of the test namely, water 
diffusion, film rupture for the bitumen that stripped, and displacement of bitumen 
(stripping) from substrate surfaces by water. The results also indicated that the water 
diffusion process did not obey Fick’s law. The technique seems to be promising. For 
example, it owns capability to discriminate between good and poor bitumens with 
regard to stripping, and shows influence of amine-based additives. However, the 
technique needs to be improved with respect to repeatability, among other things, and 
applied to a wider scope of both model and actual materials. 

In spite of the complexity and difficulties in the area of stripping, in terms of diversity 
of the parameters influencing it, efforts for major breakthroughs are necessary. The 
experimental work and results presented have indicated suggestions for additional 
research to solve important moisture damage-related performance problems in 
bituminous materials.  
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Based on the findings from the review of relevant literature and experimental work 
carried out in this study, the following conclusions can be drawn: 

1. State-of-the-art review (Paper I) 

• Moisture damage has been the subject of long history of research although the 
agreed upon mechanisms to explain it are still rather speculative. The 
characteristics of the constituent phases (bitumen and aggregate) that influence 
moisture damage are highly complex and heterogeneous. Consequently, it is quite 
elusive to transfer inferences and experiences on moisture damage-related 
behavior of bituminous materials from one place to another.  

• Much as several remedial measures to reduce moisture sensitivity have been tried, 
they do not all seem to be equally effective for different bituminous materials and 
environmental conditions. Numerous test methods for evaluating moisture 
sensitivity have evolved for the last 70 years and beyond. Nevertheless, a lot of 
investigations are still on-going to improve their capability to predict long-term 
performance, and reproducibility, as well as correlation between laboratory and 
field test data.  

2. Stability of liquid additives in bitumens (Paper IV) 

• At typical dosages of amine-based liquid anti-stripping additives used in the field, 
utility of amines can significantly be reduced when blends made from highly 
alkaline additives and high acid bitumens are stored under extreme conditions of 
temperature and time. 

• Potentiometric titration and spectroscopy test results indicated that amine-based 
additives generally interact more with bitumens containing high contents of 
acidic reactive components. 

• The factors studied (bitumen type, additive dosage, amine type, storage 
temperature and time) were all statistically significant in accounting for change in 
the quantities of additives detected in the blends.  

• A correlation was found between potentiometric titration and infrared 
spectroscopy in detecting the presence of amine additives mixed with the 
bitumens. Infrared spectroscopy was, however, not found to be a good tool in 
detecting amines, especially at low dosages. 

3. Moisture sensitivity in bituminous mixtures (Papers II and III) 

• Bituminous mixture mechanical properties (resilient modulus and tensile 
strength) in dry state were found to be sensitive to acidity and pen grade of the 
bitumens studied. The high acid and low pen grade bitumens showed high values 
of dry resilient modulus and tensile strength. However, in wet condition for a 
given bitumen, the two mechanical properties studied were aggregate specific. 

• Mixtures from aggregates containing alkali metallic elements like sodium and 
potassium exhibited relatively high moisture sensitivity for the acidic bitumen 



 

36 

used in this research. On the contrary, lower moisture sensitivity was apparent for 
aggregates containing calcium, magnesium and iron. 

• No linear correlation between moisture sensitivity and the contents of Al2O3 and 
SiO2 in the aggregates investigated was evident from the results of this research. 

• High contents of quartz and alkali feldspar were found in aggregates that were 
sensitive to moisture damage when mixed with the high acid bitumen, even 
though one aggregate with nearly 100% quartz showed low sensitivity.  

• Statistical analysis revealed that variability in moisture sensitivity data of 
mixtures tested could be ascribed to aggregate rather than bitumen. No significant 
interaction between bitumen and aggregate, on moisture sensitivity could be 
established. 

• A correlation was found between moisture sensitivity ratios based on resilient 
modulus and tensile strength (MRR and TSR, respectively) in ranking mixtures 
for moisture sensitivity. 

5. Tests  on water transport and stripping based on FTIR-ATR (Paper V) 

• The proposed technique provided useful information on transport of water into 
interfaces and suitably characterized bitumen stripping from substrates. Good and 
bad bitumens, with regard to stripping, were distinguished. 

• Transport of water into interfaces was observed to be by diffusion, although the 
process did not obey Fick’s law. At least one of three processes occurred, namely 
random water diffusion, film fracture, and water settlement in the 
bitumen/substrate interface. 

• Initiating the stripping process by notching resulted in immediate commencement 
of water entry into interfaces for the bitumens that stripped. 

• Modification of bitumens with amine additives significantly reduced stripping, 
although no significant differences were observed in effectiveness of the two 
additives studied.  

• There was reasonable agreement between tests on the bitumens that did not strip. 
The bitumens that stripped showed poor agreement between different tests. 
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