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Executive Summary 

The aging of asphalt binder due to UV-oxidation is a phenomenon that affects the durability 

and performance of asphalt pavements. This report documents results of accelerated laboratory 

UV-oxidation tests that have been conducted. Thin-film asphalt binder samples have been oxidized 

using fluorescent UVA and UVB lamps, and the degree of oxidation was determined by measuring 

the rotational viscosity of the aged binder. The results show that the viscosity increases with the 

UV-exposure time. This indicates that rotational viscosity is a suitable method to track the UV-

oxidative aging of asphalt and validates its use in further studies of this phenomenon. Additionally 

two UV-aging models were fitted to the experimental results. 

By comparing the results for the two different types of UV lamps, it was determined that 

UVA radiation contributes more to the UV-oxidation of asphalt binder than UVB radiation. This 

is due to UVA radiation comprising a larger portion of the total UV irradiance and the observation 

that at the same irradiance, UVA radiation causes asphalt binder to both age faster and to reach a 

higher final viscosity than asphalt aged using UVB radiation. It was determined that the sample 

thickness plays an important role in UV-oxidation of asphalt binder. An 85% decrease in the 

thickness caused the aging rate to increase by 52% and the ultimate aging index to increase by 

32%. In addition, it was concluded that the UV-oxidation of asphalt binder does not follow the law 

of reciprocity. Aging at a lower intensity/longer time causes more damage than aging at a higher 

intensity/shorter time when the product of time and intensity is kept constant. 

A UV amplification factor was calculated using information for the global horizontal 

irradiance for various locations. Compared to a typical meteorological year in New York City, a 

UVA lamp at an irradiance of 80 W/m2, has an amplification factor of 7.8. This means that each 

hour of UVA exposure in the lab at 80 W/m2 is equivalent to 7.8 hours of in-service UV- exposure. 
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1. Background and Literature Review 

There are several mechanisms that lead to the degradation of asphalt pavements including 

oxidation of the asphalt binder, fatigue and thermal cracking, raveling, bleeding, and rutting. 

Oxidation of asphalt binder occurs due to both the high temperatures used during the mixing, 

transportation, and placement of asphalt pavements (thermal oxidation) and the ultraviolet (UV) 

radiation found in sunlight that acts throughout the lifetime of the asphalt pavement (UV 

oxidation). UV radiation produces chemical changes in the asphalt binder, which adversely affect 

its durability and causes it to become hard and lose strength. During oxidation, asphalt binder 

begins to stiffen due to the formation of new functional groups including carbonyls and sulfoxides. 

The chemical changes significantly alter the asphalt binder’s rheological properties, including an 

increase in the viscosity. As this occurs, the asphalt binder becomes more susceptible to fatigue 

cracks, which will accelerate the degradation of the asphalt pavement. 

This process can occur over the course of 5-10 years and laboratory studies aimed at 

understanding UV-oxidation generally accelerate this process. Accelerated UV-aging is usually 

accomplished by increasing the intensity of the UV radiation over the typical values that in-service 

asphalt pavements experience. Various types of lamps can be used including fluorescent, carbon 

arc, and xenon arc. Carbon arc is an older technology with most current testing using either 

fluorescent or xenon arc. The difficulty that arises by accelerating the aging process is in 

determining an acceleration factor that relates the laboratory exposure time with the actual in-

service exposure time. An acceleration factor can only be determined after careful evaluation of 

all of the factors that influence the aging process. These factors include: intensity and spectral 

distribution of the UV-radiation, asphalt binder thickness and performance grade, the presence of 

moisture, degree of shading, and temperature.  
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1.1. Solar Radiation 

Solar radiation can be divided into the following spectral categories: gamma-rays, X-rays, 

ultraviolet, visible, infrared, microwave, and radio [1]. The range of wavelengths that comprise 

each category is given in Table 1. The earth’s atmosphere absorbs the majority of gamma-rays, x-

rays, long-wave radio waves, and infrared. The radiation that reaches the earth’s surface is 

primarily visible light along with some UV and near infrared rays, shown in Figure 1 [2]. Visible 

light is divided into the color spectrum (purple, blue, green, yellow, orange, and red) and near 

infrared has a wavelength range of 760 nm – 1,400 nm. UV radiation is generally divided into the 

categories shown in Table 2. 

Extreme-UV and UVC are completely absorbed by the earth’s atmosphere, while UVB is 

mostly absorbed, and UVA is not absorbed. While UVB radiation does contain more energy due 

to its shorter wavelength, the earth’s ozone layer partially stops UVB radiation while allowing 

UVA radiation to penetrate. The exact spectral distribution of the UVA and UVB portions depends 

on many factors, including latitude and longitude, the season, time of day, weather, altitude, degree 

of shading, and levels of atmospheric pollution. 

Solar radiation reaches the earth’s surface due to two primary mechanisms: direct solar 

irradiance which arrives to the earth’s surface in a straight line from the sun and diffuse solar 

irradiance which arrives to the earth’s surface after being scattered by molecules and particles in 

the atmosphere. Solar irradiance can be quantified as: direct normal irradiance (DNI), diffuse 

horizontal irradiance (DIF), and global horizontal irradiance (GHI). All three of these types of 

solar irradiance are measured in units of power per unit area, typically W/m2. DNI is the amount 

of solar radiation received by a surface that is held perpendicular to the sun’s rays, DIF is the 

amount of diffuse solar radiation received by a horizontal surface, and GHI is the total amount of 
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solar radiation (both direct and diffuse) received by a horizontal surface. DNI, DIF, and GHI are 

related by the following equation: 

𝑮𝑯𝑰 = 𝑫𝑰𝑭 + 𝑫𝑵𝑰 𝐜𝐨𝐬 𝜽 Eq. 1 

Where θ is the solar zenith angle, which is the angle between the sun’s rays and a line 

perpendicular to the earth’s surface. 

Table 1: Solar Irradiance Spectral 

Categories 

Category Range (nm) 

Gamma-Rays 10 -5 – 10 -3

X-Rays 10 -3 – 10 

Ultraviolet 10 – 400 

Visible 380 – 760 

Infrared 760 – 106

Microwave 106 – 1.5x107

Radio – 1010106 

Table 2: Ultraviolet Radiation Spectral 

Categories 

Category Abbreviation 
Range 

(nm) 

Extreme 

Ultraviolet 
EUV 10 – 121 

Ultraviolet C UVC 100 – 280 

Ultraviolet B UVB 280 – 315 

Ultraviolet A UVA 315 – 400 
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Figure 1: Reference Solar Spectral Irradiance 
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While the solar irradiance is a measurement of the cumulative radiation over all 

wavelengths that reaches the earth’s surface, the solar spectral irradiance describes the solar 

irradiance per unit wavelength. A solar spectral distribution is a graph which displays the solar 

spectral irradiance as a function of the wavelength. The exact shape of the spectral distribution 

depends on many factors, including latitude and longitude, altitude, season of the year, time of 

day, weather, degree of shading, and levels of atmospheric pollution. A representative solar 

spectral distribution for direct normal irradiance is given in Figure 1, this data is the reference 

solar spectral irradiance given in ASTM G173 [2]. The GHI in the UV range is computed by 

integrating the spectral GHI over the range of UV wavelengths: 

Eq. 2 
𝑰 = ∫ 𝑬(𝝀) 𝒅𝝀 

Where I is the irradiance, E(λ) is the spectral irradiance, and λ is the wavelength. 

1.2. Asphalt Oxidation 

There are several aging mechanisms that affect asphalt; they include oxidation, 

volatilization, and physical hardening. That first two are considered irreversible processes because 

they are produced by changes in the molecular structure, while the latter is reversible because it 

results from molecular reorganization [3] [4]. Out of these, oxidation is the most important because 

it contributes significantly to changes in the chemistry and rheology of asphalt. These chemical 

changes include the formation of carbonyl and sulfoxide compounds, and an increase in the 

molecular weight [5]. The rheological changes include an increase in the complex modulus and 

viscosity, and a decrease in the phase angle [6]. 

Since asphalt binder is an organic material, it will undergo chemical oxidation when it is 

exposed to atmospheric oxygen. Oxidation hardens asphalt and leads to an overall deterioration in 
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the desirable physical properties of the material. The hardening that is associated with oxidation 

will decrease the durability by making asphalt binder more brittle and increasing the susceptibility 

to cracking. Oxidation results in the introduction of polar, oxygen-containing chemical functional 

groups into asphalt molecules, which cause increased molecular interactions. Additionally, some 

aromatization of asphalt molecules may take place. The complexity of the exact chemical reactions 

and the resulting physicochemical changes that take place are consistent with the complexity of 

the chemical structure of asphalt binder. Asphalt binder is generally referred to as a polymer-like 

material; however, the chemical forces that exist at the molecular level are much different than 

traditional polymers [5]. 

Most polymers are composed of relatively large molecules of roughly the same chemical 

formula and molecular weight. Asphalt binder on the other hand is a complex mixture of molecules 

with differing chemical compositions and molecular weights. These molecules are generally much 

smaller than the molecules in most polymers; however the polar components of these molecules 

cluster to form molecular-agglomerates that are of a similar size to typical polymer molecules. The 

bonds that hold these clusters together are due to polar forces such as hydrogen bonding and dipole 

interactions. As the temperature is increased, these bonds will break, which will decrease the size 

of the agglomerates and result in a change in the physical properties. When the temperature is 

subsequently lowered these bonds will reform. This is due to the reversible nature of these bonds 

and results in asphalt’s temperature-viscosity susceptibility. This link between the nano-level 

chemical structure and macro-level physical properties is known as physicochemical 

characterization. 

Asphalt binder is primarily composed of the elements hydrogen and carbon; along with the 

heteroatoms oxygen, sulfur, and nitrogen; and possible trace amounts of vanadium, nickel, and 
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iron. Due to it complex molecular composition, it is not practical to describe the molecular 

structure of asphalt in terms of chemical formulae; instead it is generally categorized into four 

generic fraction components known as the Corbett Fractions [7]. They include saturates, naphthene 

aromatics, polar aromatics, and asphaltenes. Asphalt can also be categorized into the SARA 

fractions (saturates, aromatics, resins, and asphaltenes). Saturates are saturated hydrocarbons with 

little aromaticity and a low heteroatom content that have a low chemical reactivity and a high 

resistance to oxidation. Aromatics are cyclic (ring-shaped) hydrocarbon molecules. Naphthene 

aromatics are slightly reactive with oxygen and polar aromatics (resins) are highly reactive with 

oxygen. Asphaltenes are aromatic in nature and have a high reactivity with oxygen. 

Oxidation causes the creation of oxygen containing functional groups and generally causes 

a net loss of both naphthene aromatics and polar aromatics, and a net increase is asphaltenes. The 

primary functional groups that are formed are ketones and sulfoxides, with anhydrides and 

carboxylic acid (which is also naturally in asphalt binder) being formed in smaller quantities. It 

has been shown by several researchers [5] [8] [9] [10] that both the amount of ketones and that are 

formed and the increase in the amount of alphaltenes are linearly related to the log-increase in 

viscosity. This suggests that the ketones that are formed during oxidation occur on the polar 

aromatics which form additional asphaltenes. 

The viscosity of an asphalt binder results from the complex interactions that take place 

between the different molecules, with a higher viscosity resulting from more intense interactions. 

The nonpolar saturates fraction accounts for much of the fluidity of asphalt binder, this is due to 

the weak interatomic forces that it generates. Griffin et. al [11] measured the viscosity of the 

saturates, aromatics, and resins fractions to be on the order of 10 Pa-s, 1,000,000 Pa-s, and 

1,000,000 Pa-s, respectively. The high viscosity exhibited by the resin fraction is a direct result of 
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the intense interatomic attraction that it generates due to it being polar aromatic and the presence 

of heteroatoms. During oxidation the amount of polar functional groups increase, which causes 

greater intermolecular attraction. This prevents the molecules and molecular-agglomerates from 

flowing past each other, resulting in decreased molecular-mobility and increased viscosity. 

The oxidative aging of asphalt contributes significantly to the degradation of hot mixed 

asphalt pavements. Standard test methods that are commonly used to evaluate the susceptibility of 

asphalt to oxidation include the thin film oven test (TFOT) [12], the rolling thin film oven test 

(RTFO) [13], and the pressure aging vessel (PAV) test [14]. The PAV test simulates the long-term 

aging of asphalt; however, it does so with increased temperatures and pressure, and not with UV 

irradiance. The elevated pressure forces air into the asphalt binder which provides the additional 

oxygen needed to the accelerate aging. 20 hours of PAV is equivalent to approximately 5-10 years 

of long-term in-service aging.  

These tests only focus on the effect of temperature on the oxidation process (thermal 

oxidation) and ignore the contributions from the ultraviolet portion of natural sunlight 

(photooxidation). This is primarily due to the extremely high temperatures are reached during the 

mixing, transportation, and placement process and also that only the surface of the asphalt 

pavement is exposed to sunlight. The consensus had been that the action of sunlight could be 

ignored since it is only incident on the top surface and asphalt has a high absorption coefficient 

[15]. Despite work now suggesting that exposure to sunlight does cause degradation that cannot 

be ignored, standards organizations have not adopted a systematic test for asphalt photooxidation. 

1.3. Accelerated Photooxiation of Asphalt Binder 

Accelerated UV aging experiments have been conducted by many researchers including 

Xin et al. [16], Durrieu et al. [17], Feng et al. [6], Wu et al. [18], and Lins et al. [19]. Since there 
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is no standardized test method, each of these researchers have used slightly different test protocols 

to both age the asphalt and to evaluate the properties. Xin et al. aged asphalt binder samples that 

were 635 μm thick, using UVA-340 lamps at an irradiance of 0.89W/m2, in combination with 

water spray and condensation, at a temperature of 45oC, and for 100 hours. Durrieu at al. aged 

asphalt samples that were 10 μm thick, using UVA-340 lamps at an irradiance of 0.77 W/m2, at a 

temperature of 60oC, and for 170 hours. Feng et al. aged asphalt samples that were 2 mm thick, 

using UVA-360 lamps at an irradiance of 0.80 W/m2, at a temperature of 60oC, and for 72 hours. 

Wu et al. studied various sample thicknesses (50, 100, 150, and 200 μm), using UVA-360 lamps 

at several irradiances (0.95, 1.39, 1.73, and 2.00 W/m2), at several different temperatures (45, 65, 

and 80oC), and for 48 hours of exposure. Lins et al. exposed asphalt samples to a combination of 

xenon arc lamps and water spray for 2,000 hours of exposure. It can be seen from the above 

literature survey that there is no standardization for the intensity of the irradiance, wavelength of 

the lamp, sample dimensions, temperature, or exposure time. Additionally, some researchers have 

added the effects of moisture and elevated humidity. 

The physical properties of the asphalt binder that were studied include needle penetration, 

softening point, viscosity, ductility, complex modulus, and phase angle. The chemical techniques 

used include Fourier Transform Infrared Spectroscopy to study the changes associated with 

carbonyl and sulfoxide groups, thermogravimetric analysis to study the mass gain/loss, and gel 

permeation chromatography to study changes in the molecular weight. 

1.4. Modeling UV-Oxidation of Asphalt Binder 

If UV-oxidation follows the law of reciprocity, which states that the photoresponse of a 

material is dependent only on the total energy to which the specimen is exposed [20], then UV-

oxidative aging is independent of the exposure time and the intensity of the radiation taken 
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separately. Additionally the radiation dose is then simply the time integral of the irradiance. The 

law of reciprocity states that the UV radiation dose is computed as: 

Eq. 3 
𝑫 = ∫ 𝑰 𝒅𝒕 = ∬ 𝑬(𝝀)𝒅𝝀 𝒅𝒕 

If the irradiance is constant throughout the exposure time, then: 

Eq. 4 
𝑫 = 𝑻 ∫ 𝑬(𝝀)𝒅𝝀 = 𝑰𝑻 

Where T is the total exposure time. Thus if the law of reciprocity holds true and the irradiance is 

constant, then the dose of UV radiation is simply the product of the irradiance and the exposure 

time. If the law of reciprocity is found to be invalid, then Schwarzschild’s law can be applied [21]. 

For a constant irradiance, it states that: 

𝑫 = 𝑰𝒑𝑻 Eq. 5 

Where p is the Schwarzschild coefficient which is material dependent. If the Schwarzschild 

coefficient is equal to 1.0, then the law of reciprocity applies. 

Since not all wavelengths that are incident on a material are absorbed by the material, and 

not all absorbed wavelengths cause the same damage to the material, the effective dose of UV 

radiation is a more complete way to monitor UV exposure. The Lambert-Beer Law specifies the 

fraction of radiation that is transmitted through (or absorbed by) a material and the Grotthus-

Draper Law describes the fraction of photolytically effective photons at each wavelength. For 

many materials, the wavelength dependency of the Lambert-Beer Law and Grotthus-Draper Law 

follow the same form and as a result, their combined effect can be described using the action 

spectrum [22]. The effective UV dose of UV radiation is expressed as: 
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Eq. 6 
𝑫∗ = ∬ 𝑬(𝝀)𝑯(𝝀)𝒅𝝀 𝒅𝒕 

where D* is the effective dose and H(λ) is the action spectrum of the material. The action spectrum 

can be further broken down into the product of the spectral absorption and the quantum yield [23]. 

𝑯(𝝀) = (𝟏 − 𝒆−𝑨(𝝀))𝝓(𝒕) Eq. 7 

where A(λ) is the spectral absorbance, 𝟏 − 𝒆−𝑨(𝝀) is the spectral absorption, and 𝛟(t) is the 

quantum yield. The spectral absorption quantifies how much each wavelength is absorbed by the 

material and the quantum yield quantifies what degree each absorbed wavelength damages the 

material. Using similar reasoning as above, the effective spectral irradiance and effective 

irradiance and can be defined using Eq. 8 and Eq. 9, respectively: 

𝑬∗(𝝀) = 𝑬(𝝀)𝑯(𝝀) Eq. 8 

Eq. 9 
𝑰∗(𝒕) = ∫ 𝑬∗(𝝀) 𝒅𝝀 = ∫ 𝑬(𝝀)𝑯(𝝀) 𝒅𝝀 

If the irradiance is constant throughout the exposure and the law of reciprocity applies, then: 

Eq. 10 
𝑫∗ = 𝑻 ∫ 𝑬(𝝀)𝑯(𝝀)𝒅𝝀 = 𝑰∗𝑻 

It should be noted that there is some variation in the above terminology, Martin et. al [24] refers 

to the effective dose as the total effective dosage and to the effective irradiance as the instantaneous 

effective dosage. Additionally Andrady [23] refers to the effective irradiance as the effective dose 

rate and to the effective spectral irradiance as the effective irradiance. 

1.5. Asphalt Aging Models 

Several researchers have proposed models to describe asphalt aging [25] [26] [27]. These 

models have generally been developed to describe the aging of asphalt due to thermal oxidation. 
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The aging index (AI) is commonly used to quantify the increase in viscosity of an asphalt binder 

as it is aged: 

𝜼𝑨 Eq. 11𝑨𝑰 = 
𝜼𝟎 

Where η0 is the initial viscosity and ηA is the aged viscosity. The when the asphalt binder is fully 

aged the AI is known as the ultimate aging index (UAI): 

𝜼𝒇𝒊𝒏𝒂𝒍 Eq. 12
𝑼𝑨𝑰 = 

𝜼𝟎 

Where ηfinal, is the final, fully-aged viscosity. 

The Nonlinear Differential Dynamics (NDD) model has been used by Chen and Huang [25] and 

Garrick [27]. It is based on the Logistics Model that is used to model population growth. The rate 

of change of the viscosity is given by: 

𝒅𝜼 𝒓 Eq. 13 
= 𝒓𝜼(𝒕) − 𝜼𝟐(𝒕)

𝒅𝒕 𝜼𝒇𝒊𝒏𝒂𝒍 

Where r is the aging rate. By solving the differential equation, the viscosity is given by: 

𝜼𝒇𝒊𝒏𝒂𝒍 Eq. 14
𝜼(𝒕) = 𝜼𝒇𝒊𝒏𝒂𝒍 

− 𝟏) 𝒆−𝒓𝒕𝟏 + ( 𝜼𝟎 

The above equation can be written in terms of AI and UAI: 

𝑼𝑨𝑰 Eq. 15 
𝑨𝑰(𝒕) = 

𝟏 + (𝑼𝑨𝑰 − 𝟏)𝒆−𝒓𝒕 

Figure 2 illustrates the NDD model and shows the effect of the parameters on the model behavior. 
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constant value. Herrington 

[28] developed the Fast-Rate-

Constant-Rate (FRCR) model 

Figure 2: NDD Model which models the increase in 

the log-viscosity by assuming that oxidation occurs by two parallel reactions, a zero-order reaction 

and a first-order reaction. 

𝚫 𝐥𝐨𝐠 𝜼 = 𝑴(𝟏 − 𝒆−𝒌𝟐𝒕) + 𝒌𝒕 Eq. 16 

Where Δlogη is the change of the log-viscosity, M is the maximum long-term change in the log-

viscosity due to the first order reaction, k is the reaction constant for the zero-order reaction, and 

k2 is the reaction constant for the first-order reaction. Figure 3 illustrates the FRCR model for 

different values of the parameters. The parameter k is the slope of the straight-line constant-rate 

portion and M is the y-intercept of the straight-line portion if it was extended to a time of zero. Eq. 

16 can be written in terms of the aging index: 

𝑨𝑰 = 𝟏𝟎𝚫 𝐥𝐨𝐠 𝜼 = 𝟏𝟎𝑴(𝟏−𝒆−𝒌𝟐𝒕)+𝒌𝒕 Eq. 17 

Figure 4 illustrates how the AI varies with time using the FRCR model. 
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Figure 3: FRCR Model (Y-Axis is Δlogη) Figure 4: FRCR Model (Y-Axis is AI) 

2. Materials and Methods 

2.1. Preparation of Asphalt Binder Specimens 

The asphalt binder used in this study was a neat roofing flux asphalt. The asphalt binder 

specimens were prepared as outlined below, which is based on ASTM D1669 [29] with slight 

modifications. Each specimen consisted of a 5”×2” asphalt binder layer pressed onto a 6”×3” bare 

aluminum (3003-H14) panel, three asphalt binder thicknesses were used in the study (0.1”, 0.075”, 

and 0.015”). The aluminum panels were prepared by applying masking tape to them so that only 

a 5”×2” area is exposed. The masking tape also secured the aluminum panel to a sheet of Kraft 

paper. The Carver Bench Top Heated Press was then heated to a temperature of 212oF. Next, 

asphalt binder was heated and poured on to the aluminum panel, which was then placed between 

the platens of the heated press. A sheet of silicon release paper was placed on top of the asphalt 

binder and another sheet of Kraft paper was placed between the silicon release paper and the top 

platen of the heated press. Metal spacers were then placed between the bottom layer of Kraft paper 
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and the silicon release paper in order to achieve the desired final asphalt thickness. The heated 

press was then closed and a thrust of 3,500 lb. was applied for 10 seconds. 

The asphalt specimen was then removed from the heated press and allowed to cool to room 

temperature. Once cooled, the silicon release paper was carefully removed to expose the asphalt 

binder. Using a sharp knife, the asphalt binder was cut along the edges of the masking tape and the 

excess binder was removed along with the making tape (Figure 5). Finally, durable tape was 

applied around the edges of the asphalt binder to prevent it from flowing during the UV exposure. 

Figure 5: Asphalt Specimen after Masking Tape is Removed 

2.2. UV Exposure 

The asphalt binder specimens were exposed to UV radiation using two types of UV lamps, 

a UVA lamp and a UVB lamp. The intensity of the lamps were measured using a spectrometer and 
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representative spectral distributions for the two lamps are shown in Figure 6. The intensity of the 

lamps were controlled by adjusting the distance from the lamp to the surface of the asphalt 

specimen. The intensity of both distributions shown in Figure 6 is 80 W/m2, with the peak spectral 

irradiance of the UVA and UVB lamps being 3.90 W/(m2·nm) at 366.5 nm and 1.76 W/(m2·nm) 

at 311 nm, respectively. 
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Figure 6: UV Lamp Spectral Distribution 

2.3. Rotational Viscosity of Aged/Unaged Asphalt Binder 

The rotational viscosity of the asphalt binder was measured at an elevated temperature 

according to ASTM D4402 [30] using a rheometer and a thermal chamber. To begin the test, 8 mL 

of asphalt binder was placed into the sample chamber, after allowing for the temperature of the 

binder to equilibrate for ten minutes, the SC4-21 spindle was lower into the sample and the spindle 

was rotated at 20 RPM for 5 minutes in order for the torque readings to stabilize. The viscosity of 

the asphalt binder was then calculated as the mean value of three consecutive measurements taken 

at 1-minute intervals. Each viscosity reported in this study is the mean value of two duplicate tests. 
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3. Laboratory Aging Tests 

This study has been divided into 4 tasks: 1) evolution of the aging index vs. time, 2) 

comparison of UVA vs. UVB radiation, 3) effect of sample thickness, and 4) investigation into the 

reciprocity of intensity/time. 

3.1. Aging Index vs. Time 

Thin-film asphalt binder samples with a thickness of 0.075” were aged using a UVA lamp 

with an intensity of 80 W/m2. The asphalt used was a roofing flux and the rotational viscosity was 

measured at a temperature of 135oC, using a SC4-21 spindle, and at 20 RPM. Samples were 

exposed to UVA radiation for exposure times of 5, 10, 20, 30, and 50 hours and the rotational 

viscosity of each binder sample was measured using a rotational viscometer. The results are 

displayed in Table 3 along with the value of the aging index. Figure 7 displays the average 

viscosity/aging index at each exposure time and Figure 8 displays the fitted NDD and FRCR 

models to the experimental data. The values of the determined model parameters are shown in 

Table 4. Overall both models appear to be able to describe the evolution of the aging index as a 

result of UV-oxidation. 

Overall the viscosity increased with UV exposure time, indicating that UV oxidation is 

taking place. The NDD model predicts that the UAI is 1.34, which is lower than literature values 

for both thermal oxidation and UV oxidation. Both Garrick [27] and Chen and Huang [25] 

determined the UAI of field aged asphalt binder by extracting the binder from road cores. Garrick 

reported UAI values between 3.3 and 5.0 after 4 years of aging and Chen and Huang reported UAI 

values between 1.9 and 2.4 after 3 years of aging. The experimental results indicate that, despite 

the AI vs. time curve leveling off, the asphalt binder was not fully aged since its UAI is 
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significantly lower than reported values. This is most likely due to the nonuniform oxidation of 

the asphalt binder in the depth direction. 

Table 3: Experimental Results 

Table 4: Model Parameters Time 

(hrs) 

Average 

Viscosity 

(cP) 

Aging 

Index 

0 393 1.00 

5 500 1.27 

10 513 1.31 

20 529 1.35 

30 520 1.32 

50 537 1.37 

Model Parameter Value 

NDD 

UAI 1.34 

r 0.338 hr -1 

M 0.117 

FRCR k2 0.405 hr -1 

k 3.50x10 -4 hr -1 

3.2. UVA vs. UVB 

It is important to compare the UV-oxidation of asphalt binder using UVA and UVB 

radiation for two reasons. Since UVA and UVB radiation contain different wavelength of 

electromagnetic radiation, they will have different effects on the resulting physicochemical 

changes that take place. Additionally the spectral distribution of natural sunlight contains different 

amounts of UVA and UVB radiation. 
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Figure 7: Experimental Results Figure 8: NDD and FRCR Models Fitted 

to Experimental Results 

Asphalt binder samples with a thickness of 0.1” were exposed to UV-radiation with an 

intensity of 80 W/m2 for durations of 20, 50, and 100 hours using either UVA or UVB lamps. The 

rotational viscosity of the aged asphalt binder was measuring using a rotational viscometer at a 

temperature of 100oC, using a SC4-21 spindle, and at a speed of 20 RPM. The results are shown 

in Table 5 and Figure 9, additionally the data was fitted using the NDD aging model. From the 

results, the UVA samples have both a higher aging rate (0.063 vs. 0.029 hr -1) and ultimate aging 

index (1.11 vs. 1.07) than the UVB samples. It is observed that, when exposed to the same intensity 

of UVA and UVB radiation, asphalt binder subjected to UVA radiation both receives more damage 

and ages faster than asphalt binder subjected to UVB radiation. 

3.3. Effect of Sample Thickness 

It has been shown by Wu et al. [18] that the asphalt film thickness has a significant 

influence on the amount of UV-oxidation that occurs. A study conducted by Kiil [31] has shown 
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that photo-initiated oxidation of thin samples depends on the rate of chemical oxidation, the 

solubility of oxygen in the coating, and the rate of diffusion of oxygen into the coating. The study 

also showed that there exists two regions, one is the oxidation zone where oxidation is occurring 

and the other is the inactive zone where oxidation is not occurring. 

Table 5: Experimental Results for UVA 

and UVB 

Time UVA UVB 

(hrs) η (cP) AI η (cP) AI 

0 358 - 358 -

20 383 1.07 363 1.01 

50 399 1.11 383 1.07 

100 394 1.10 379 1.06 

r (hr -1) 0.063 0.029 

UAI 1.11 1.07 
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Figure 9: Aging Index for UVA and UVB 

Roofing flux samples with a thickness of 0.015” were exposed to UV-radiation with an 

intensity of 80 W/m2 for durations of 24 and 48 hours using UVA lamps. The rotational viscosity 

of the aged asphalt binder was measuring using a rotational viscometer at a temperature of 100oC, 

using a SC4-21 spindle, and at a speed of 20 RPM. The results of these samples are compared to 

the UVA samples described in the previous section that had a thickness of 0.1” and were aged 

according to the same procedure. The results comparing the two thicknesses are shown in Table 

6 and Figure 10, additionally the data was fitted using the NDD aging model. 

The results indicate that the thinner samples have both a higher aging rate (0.096 vs. 0.063 

hr-1) and ultimate aging index (1.47 vs. 1.11) than the thicker samples. It is observed that, when 
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exposed to the same intensity of UVA radiation, a thinner layer of asphalt binder both receives 

more damage and ages faster. From the results, an 85% decrease in the thickness caused the aging 

rate to increase by 52% and the ultimate aging index to increase by 32%. 

Table 6: Experimental Results for Effect 

of Sample Thickness 

0.1” Thickness 0.015” Thickness 

Time 

(hrs) 

η 

(cP) 
AI 

Time 

(hrs) 

η 

(cP) 
AI 

0 358 - 0 358 -

20 383 1.07 24 504 1.41 

50 399 1.11 48 525 1.47 

100 394 1.10 - - -

r 

(hr -1) 
0.063 

r 

(hr -1) 
0.096 

UAI 1.11 UAI 1.47 
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Figure 10: Aging Index for Different 

Sample Thicknesses 

3.4. Reciprocity of Time/Intensity 

The law of reciprocity relies on the assumption that the amount of photooxidation depends 

only on the total absorbed energy (product of intensity and time) and not on the values of the time 

and intensity taken separately. If the value of the Schwarzschild coefficient in Eq. 5 is equal to 1.0, 

then the law of reciprocity applies. If the coefficient is lower than 1.0, then UV-aging for a longer 

period of time at a lower intensity is more damaging than UV-aging for a shorter period of time at 

a higher intensity. If the coefficient is greater than 1.0, then the opposite is true. Thus determining 

a value of the Schwarzschild coefficient is extremely important because the intensity of natural 
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UV radiation varies and accelerated UV-aging is conducted at intensities that are higher than 

natural UV radiation. 

In order to determine the value of the Schwarzschild coefficient, asphalt samples were aged 

using the same amount of energy, but for different times and at different intensities. The first 

exposure condition was an intensity of 80 W/m2 for 24 hours and the second exposure condition 

was an intensity of 40 W/m2 for 48 hours. For both exposures, the product of time and intensity is 

6.91 MJ/m2. The tests were repeated for both UVA and UVB radiation using samples with a 

thickness of 0.015”. The asphalt used was a roofing flux and the rotational viscosity was measured 

at a temperature of 100oC, using a SC4-21 spindle, and at 20RPM. As seen in Table 7, for both 

UVA and UVB exposure, the lower intensity/longer time exposure condition resulted in a larger 

aging index than the higher intensity/shorter time exposure condition, thus the law of reciprocity 

does not apply. The value of the Schwarzschild coefficient can be determined by the following 

equation: 

𝟐𝑨𝑰𝟏 Eq. 18 
𝒑 = 𝒍𝒐𝒈𝟐 ( )

𝑨𝑰𝟐 

Where AI1 is the aging index for the shorter time/higher intensity and AI2 is the aging index 

for the longer time/lower intensity. The value of Schwarzschild coefficient for both UVA and UVB 

exposures is lower than 1.0, at 0.82 and 0.83, respectively. 

4. Estimation of the In-Service UV Radiation Dose 

A Typical Meteorological Year (TMY) is a dataset that contains representative data for the 

DNI and GHI for a given location, as well as other meteorological data such as ambient 

temperature, wind speed, etc. TMY data is generally used for long-term predictions. Sources for 

TMY data include the program Meteonorm developed by Meteotest and the National Solar 
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Radiation Database (NSRDB) created by the National Renewable Energy Lab (NREL). The 

NSRDB is a web-based technical report that provides hourly solar and meteorological data for 

over 1,400 locations in the United States and its territories [32]. 

Table 7: Experimental Results to Test for Reciprocity 

UV 

Type 

Time 

(hr) 

Intensity 

(W/m2) 

η 

(cP) 
AI p 

- 0 - 358.0 - -

UVA 

24 80 493.3 1.38 

0.82 

48 40 558.3 1.56 

UVB 

24 80 407.5 1.14 

0.83 

48 40 458.3 1.28 

4.1. UV Irradiance for Selected US Cities 

Figure 11 displays the noon 

spectral GHI in the UV range for a 

TMY at LaGuardia Airport in New 

York City. This data is shown for 4 

dates: 3/21, 6/21, 9/21, and 12/21; 

the approximate dates for the vernal 

equinox, summer solstice, autumnal 

equinox, and winter solstice, 

respectively. This illustrates the 

seasonal variation of the UV Figure 11: Noon Spectral GHI for LGA 
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spectral distribution that is experienced. Figure 12 and Figure 13 show the spectral GHI in the 

UV range for a TMY in New York City at two hour intervals for 6/21 and 12/21, respectively. 

Here it is observed that UV spectral distribution varies considerably based on the time of day. 

Additionally the spectral distribution at noon during the winter is only slightly higher than the 

spectral distribution that is experiences at 6:00 am during the summer. 

Figure 14 displays how the total UV irradiance in New York City varies throughout the 

day for 4 selected dates from a TMY. The total UV irradiance is calculated by applying Eq. 2 to 

the spectral distribution of the GHI in the UV range. This further illustrates both the seasonal and 

hourly variation in the UV exposure. Figure 15 displays the average UV irradiance each month 

for three US cities, New York City, Denver, and Phoenix. The data in this figure was generated by 

averaging the hourly UV irradiance over a month. Table 8 displays the average UV irradiance 

(calculated by averaging over an entire TMY) for the same three US cities. This illustrates that the 

UV irradiance is additionally dependent on geographic location. The average daily UV irradiance 

in Denver and Phoenix are 24% and 45% larger than the average daily UV irradiance experienced 

in New York City. Additionally this table contains the percentage of the average UV irradiance 

that is within the UVA range (the remaining percentage is within the UVB range). Combining the 

information contained in Table 5 and Table 8; it can be concluded that UVB radiation does not 

significantly contribute to the UV-aging of asphalt binder. This is because at the same irradiance 

UVA causes almost double the amount of damage as UVB and natural sunlight contains 

approximately 49 times more energy in the UVA range than in the UVB range. As a result, the 

following analysis will only account for UVA radiation. 
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Table 8: Average Irradiance for Selected US Cities 

City 

Average UV 

Irradiance 

(W/m2) 

Average 

UVA 

Irradiance 

(W/m2) 

% 

UVA 

New York City 8.4 8.2 98.0 

Denver 10.4 10.2 98.0 

Phoenix 12.2 11.9 97.8 

4.2. Correlation between Laboratory and In-Service UV Aging 

The asphalt aging acceleration factor relates the laboratory UV aging with the in-service 

aging that asphalt experiences. The numerical value of the acceleration factor is dependent on 

many variables including the spectral distribution of the laboratory UV source and the geographic 

location, weather, and degree of shading (from buildings, trees, etc.) at the location where the in-

service aging is occurring. This study has accounted for both the spectral distribution of the 

laboratory UV source and the geographic location of the in-service aging; however, it does not 

account for the weather and the degree of shading. It has been concluded by Xin et al. [16] that the 

action of water spray during UV exposure slows down the rate of UV-oxidation, while Ongel and 

Hugener [33] have concluded that an increase in the relative humidity slows down the asphalt 

aging process. While the TMY data that has been used to calculate average UV irradiance accounts 

for cloud cover that reduces the GHI, it does not account for the reduction in UV-oxidation that 

occurs from water on the surface of the asphalt and the relative humidity of the air. As a result, 

only a UV amplification factor can be calculated from the data collected in this study. The UV 

amplification factor only relates UV radiation that is produced in the laboratory with the UV 

radiation at a specific geographic location. This factor does not account for presence of moisture 

and degree of shading, however it does account for the differences in the spectral distribution 

28 



 

 

         

      

 

 
 

 

      

     

    

       

          

        

      

     

 

  

 

 

   

 

 

    

     

     

     

  

        

        

between the two UV sources and also for the effect that the magnitude of the UV irradiance has 

on the rate of aging (i.e. reciprocity is not valid). Table 9 contains the UV amplification factor for 

selected US cities calculated using the following equation: 

𝒑 Eq. 19∑(𝑰𝒍𝒂𝒎𝒑,𝑼𝑽𝑨)
𝑨𝑭 = 𝒑 

∑(𝑰𝒉𝒐𝒖𝒓𝒍𝒚,𝑼𝑽𝑨) 

Where Ilamp,UVA is the irradiance of the laboratory UVA lamp and Ihourly,UVA is the UVA irradiance 

each hour in a TMY. The summation is over the number of hours in a year. For comparison 

purposes the table also displays the value of the amplification factor if the law of reciprocity did 

apply (p = 1). To illustrate the use of the amplification factor, one day of exposure in the laboratory 

using a UVA lamp at an irradiance of 80 W/m2 is equivalent to 7.8 average days of exposure in 

New York City. During the summer and winter, the amplification factor will be lower and higher, 

respectively, due to the seasonal variation in the natural UV irradiance. Additionally Table 9 

contains the total annual UVA dose for the three US cities, these number can be compared to the 

UVA lamp at an irradiance of 80 W/m2, which has an annual dose of 1146 MJ/m2 

Table 9: UV Amplification Factor 

City 

UV Amplification Factor of a 

80 W/m2 UVA Lamp 

Annual UVA Dose 

(MJ/m2) 

Reciprocity No Reciprocity Reciprocity No Reciprocity 

New York City 9.7 7.8 260 148 

Denver 7.8 6.5 323 178 

Phoenix 6.7 5.6 376 203 

5. Conclusions 

This study successfully accelerated the aging of asphalt binder due to UV-oxidation using 

fluorescent UV lamps in the laboratory. The aging index of the asphalt binder was determine by 
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measuring the viscosity using a rotational viscometer and two asphalt oxidation models were fitted 

to the experimental data. The following conclusions can be reached concerning the photooxidation 

of asphalt binder using UV-radiation. 

1. The rotational viscosity is an appropriate technique to measure the aging of asphalt binder due 

to UV-oxidation. It has been demonstrated that the rotational viscosity of asphalt binder 

increases along with the UV-exposure time. Additionally both the Nonlinear Differential 

Dynamics (NDD) model and the Fast-Rate-Constant-Rate (FRCR) model are able to 

effectively capture the evolution of the aging index with respect to the exposure time. 

2. UVB radiation does not significantly contribute to the UV-aging of asphalt binder. This is 

because: 

a. At the same irradiance UVA causes almost double the amount of damage as UVB. This 

is based on calculating the ultimate aging index and aging rate using the NDD model. 

b. Natural sunlight contains approximately 49 times more energy in the UVA range than 

in the UVB range. 

3. Thinner asphalt samples receive more damage and age faster than thicker asphalt samples. A 

decrease in the thickness from 0.1” to 0.015” caused an increase in both the aging rate (0.063 

to 0.096 hr-1) and ultimate aging index (1.11 to 1.47). 

4. The law of reciprocity does not apply to the UV-aging of asphalt binder. For the asphalt binder 

tested in this study p = 0.82 for UVA and p = 0.83 for UVB. This indicates that a lower 

intensity/longer time exposure condition results in faster aging than a higher intensity/shorter 

time exposure condition. In other words, doubling the intensity of the UV source does not 

double the amount of UV-aging. 
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5. The amplification factor for UV aging using a UVA lamp with an irradiance of 80 W/m2 is 7.8 

for New York City, 6.5 for Denver, and 5.6 for Phoenix. This amplification factor is based on 

the ratio of the annual dose of UVA radiation that an asphalt sample receives from the UVA 

lamp to the annual dose of UVA radiation that the same sample would receive in a year at the 

various locations. The amplification factor assumes that the asphalt binder is not shaded and 

is exposed to the entire global horizontal irradiance. 
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