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Abstract Highway pavement provides smooth surface over which vehicles can move safely from one place to
another. Yet this vital need is sometimes not achieved due to failure of pavements before its design life which is
common. Aging is one of the most important and dynamic characteristics of asphalt materials.Certain
parameters are found to be essential in a comprehensive understanding of aging characteristics of asphalt
binders such as air voids. Air voids determination as it affects the aging of the bituminous mix were conducted
in intervals of five (5) years (5 years asphalt, 10 years asphalt, 15 years asphalt and 20 years asphalt). A fresh
asphalt mix which served as control was prepared and subjected to Marshall Test, density determination, void
content and binder content determination. The same test conducted on fresh asphalt concrete (including bitumen
extraction test) was conducted on asphalt sample of 5 years, 10 years, 15 years and 20 years. A total of 15
samples (12 collected from different pavements within the age ranges and 3 samples from fresh asphalt mix)
were tested to simulate the effect of air voids as the pavements ages towards its design life. The initial values of
the parameters for the pavement considered were obtained from the Ministry of Works, Akwalbom State, which
were used as basis for comparisons. The study shows that the voids content of the different ages considered fell
between 7.0 — 2.2 % with the fresh asphalt having the highest void content and the asphalt mix of 20 years
having the lowest. The unit weight of the specimens ranged from 2.20g/cm?® — 2.31g/cm?® with the fresh asphalt
having the lowest unit weight and the asphalt mix of 20 years having the highest. The binder content of the
specimens ranged from 4.15 — 5.34% with the fresh asphalt mix having the lowest and the asphalt mix of 20
years having the highest. The stability of these specimens was seen, ranging from 3.78kN — 10.61kN. The fresh
asphalt sample has the lowest stability while the asphalt mix of 20 years has the highest. The difference in void
content could have been due to the viscoelastic behavior of the asphalt material that is; its properties are a
function of time (or frequency) and temperature. The difference in unit weight of the samples must have been
due to initial density of the material and traffic load. The difference in the binder content of the specimens could
be as a result of oxidation and volatilization of the mix. As the asphalt binder increases in age, its viscosity
increases and it becomes more stiff and brittle. The difference in stability of these specimens could be attributed
to the internal friction and cohesion of the material. It is worthy of note that air voids contribute to the failure of
flexible pavements before its design life.
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1. Introduction

1.1. Background of the study

Highway pavement is constructed to provide smooth surface over which vehicles can move safely from one
place to another. Failure of pavements before its design life is common and the trend continues unabated. Road
deterioration is still a major problem in Nigeria to this day. It is influence by many factors; (a) overloaded
vehicles, (b) poor construction quality and (c) inadequate maintenance. At present, sustainability of pavement
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continues to pose a serious issue of concern to pavement researchers and engineers. In view of this, the changes
of Asphalt Concrete’s (AC’s) properties with the age of pavement are an interesting area of research. Aging
being one of the most important and dynamic characteristics of asphalt materials, helps predict the life of a
flexible pavement owing to the adhesive characteristics of binders with aggregate particles. As the pavement
ages, the asphalt mix components including binders oxidize, and volatilization of oils takes place, which render
asphalt mixes higher stiffness, thus, increasing viscosity. Asphalt concrete, a high quality bituminous surfacing
material consists of a mixture of aggregates continuously graded from a maximum size of 25mm to a fine filler
of about 0.075mm size. Sufficient asphalt is added so that the mix when compacted will be impervious and will
have viscous and elastic properties. The asphalt concrete mix is designed to have sufficient air voids in the total
compacted mix to allow for a slight amount of additional compaction under traffic loading. A freshly laid
asphalt concrete layer has air voids in the range of 5-8 percent [56]. Due to the traffic loading, consolidation
occurs in the asphalt concrete layers due to two mechanisms. They are one-dimensional densification and plastic
flow. One-dimensional densification occurs due to the reduction in air voids volume only, V,in Figure 1.1. In the
plastic flow mechanism, consolidation occurs due to reduction of the total voids in the mineral aggregates
volume, V. in Figure 1.1.
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Figure 1.1: Representation of volumes in a compacted asphalt concrete specimen
Source: Krishnan and Rengaraju (1998) [56]

Where,

Vma= Vvol. of voids in mineral aggregate.

Vmp= Vol. of compacted mix,

V= vol. of air voids,

Vmm= Void-less vol. of paving mix,

V= vol. of asphalt,

V= vol. of absorbed asphalt,

V4= vol. of mineral aggregate

These two are separate phenomena and depending upon the temperature viscosity relationship of asphalt, the
contribution of each of them to the overall consolidation varies. However, pavement performance studies [56]
have shown that when the air voids (volume V,) reduce to less than 3 percent, it is the plastic flow mechanism
which predominates. The reason for this is the building up of pore pressure in the air void space due to which
some amount of asphalt is forced to flow. The flow of asphalt into the voids and reduction in the asphalt film
thickness will ultimately result in reduction of relative distance between aggregate particles. Therefore particle
reorientation may be caused by the flow of asphalt into the voids. This relocation of particles can only occur
after friction between the particles is overcome. In fact, some mixes that have adequate internal friction and
cohesion at the time of construction can become over lubricated(through a reduction in air voids) due to
additional consolidation. Due to this over lubrication, the strength and shear properties of the mix reduce
greatly.

Air void, being one of the properties of asphalt concrete may change due to the washing out of the asphalt
binder from the asphalt concrete due to moisture damage. The determination of the air void as the pavement
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ages is important to verify the damage or degradation of asphalt. Once this is ascertained, the issue can be
remedied thereby ensuring sustainable pavement. The importance of air voids cannot be undermined, this is
because as air void is a parameter in the design life calculation, any change in air void due to aging can incur
wrong prediction of probable service life, and hence, sustainable pavement design may be inhibited. Therefore
for sustainable pavement, determination of change in air void with aging is important. Also, the importance of
air void is the dependency of coefficient of thermal contraction and expansion (CTC/CTE) on air void. Previous
works shows that the CTC/CTE of asphalt concrete is dependent on air void [40]. Note that the CTC/CTE is
used to determine the thermal stress under rapid cooling of asphalt concrete in raining season, which is
subsequently used in thermal cracking prediction model. Therefore, changes in air void of asphalt content with
aging may incur wrong prediction of thermal cracking in pavement. The emission of volatile components of
asphalt concrete and chemical reaction of asphalt binder with oxygen may cause a change in the air void content
of asphalt concrete too. In flexible highway pavement construction, asphalt concrete used has about 5-8 percent
air voids immediately after laying of the roadway. Constitutive laws for asphalt concrete developed till now
have modeled the mix as a linear elastic or viscoelastic material and have not taken into account the effect of
void concentration on the mechanical behavior of the material.

This study investigated this issue of changing the air void of asphalt concrete with aging. Asphalt concrete is a
composite material consisting of asphalt binder and aggregates. Asphalt binder contains hydrocarbon molecules.
Molecules of hydrocarbon are likely to react with oxygen, water and vapour available in the environment.
Oxygen reacts with asphalt binder at high temperature while mixing with aggregates in the mixing plant and
during construction period, which is referred to as the short-term aging. After pavement construction, oxygen
continuously reacts with asphalt binder which is considered as the long-term aging. Aging makes binder hard
and brittle that result in an increase in the stiffness of asphalt concrete. This oxidation has a negative impact on
pavement durability and stiffness. Effects of long-term aging on the rheological properties of asphalt binder are
well explored in literatures [19, 39-40, 55]. The works cited above considered the change in the mechanical
properties, shear modulus, and viscosity of aged binder due to laboratory oven aging. There is not a single study
which deals with the air void of asphalt concrete due to aging as it affects strength, integrity and durability of the
concrete. However, change in air void content causes changes in the mechanical properties and performances of
asphalt concrete. Study of air void with aging is important as it will greatly enhance the sustainability of
pavement when incorporated during design.

1.2. Volumetrics in Asphalt Mixtures

1.2.1. Theory of Air Voids

The dynamic modulus of asphalt mixture stiffness is a significant parameter that determines the ability of
material to resist compressive deformation as it is subjected to cyclic compressive loading and unloading [54].
The material’s ability to resist compressive deformation is a major contributor to pavement resistance to
cracking due to cyclic or other types of loading and loading configurations. The cross sectional size of the
material that can be utilized for load transmission could be reduced by air voids. It is therefore a reasonable
argument to think that air voids play significant roles in the behaviour of fatigue related cracking experienced by
road pavements during useful or design life since air voids in the pavement determines stiffness [38]. The
Asphalt Institute developed a method for design in which the dynamic modulus is determined from the
following equations, as presented in Huang’s Pavement Analysis and Design textbook (1993):

E* =100,000(10%1)

B = B5 +0.0000058, — 0.001894,f 11

B, = BISTPs

Bs = 0.553833 + 0.028829 (Pyoo f ~*17%%) — 0.03476V, + 0.07037 + 0.931757 f ~002774

B, = 0.483 V,

Bs = 1.3 + 0.49825 log f

Where;

E* = dynamic modulus (psi)

F =loading frequency (Hz)
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T = temperature (°F)

V, = volume of air voids (%)

A = asphalt viscosity at 77°F (10° poises)

P,qo = percentage by weight of aggregates passing No. 200 (%)
V,, = volume of bitumen

P,7.¢ = penetration at 77°F or 25°C

1.2.2. Percent Voids Filled with Asphalt (VFA)

The percentage of voids in the compacted aggregate mass that are filled with asphalt cement is known as the
VFA. It is synonymous with the asphalt-void ratio. The VFA property is important not only as a measure of
relative durability, but also because there is an excellent correlation between it and percent density. If the VFA
is too low, it reflects inadequate asphalt to provide durability and to over-densify under traffic and bleed. In
view of this, the VFA is a very important design property and requires proper attention. Most DOT
specifications require 70-80 during the design phase; this requirement is intended for the mix during the design
phase only and is typically not a production requirement. HMA designed for moderate to heavy traffic may not
pass the VFA requirement with a relatively low percent of air voids in the field even though the amount of air
voids is within the acceptable range. Because low air void contents may be very critical in terms of resisting
permanent deformation, the VFA requirement helps to avoid those mixes that are susceptible to rutting in heavy
traffic situations. The allowable air void content for HMA that are near the minimum VMA criteria is also
restricted by VFA. HMA designed for lower traffic volumes may not pass the VFA requirement with a
relatively high percent air voids in the field even though the air void requirement range is met. Adequate amount
of VFA is necessary to avoid less durable HMA resulting from thin films of binder on the aggregate particles in
light traffic situations.

1.2.3. Voids in the Mineral Aggregate (VMA)

The air-void spaces that exist between the aggregate particles in a compacted paving mixture, including spaces
filled with asphalt are referred to as voids in the mineral aggregate (VMA). The space that is available to
accommodate the asphalt and the volume of air voids necessary in the mixture is represented by VMA. The
higher the quantity of VMA in the dry aggregate, the higher the space available for the film of asphalt. Based on
the fact that the thicker the asphalt film on the aggregate particles the more durable the mix, specific minimum
requirements for VMA are specified in most specifications. To achieve a durable asphalt film thickness,
minimum VMA values should be adhered to. Increasing the density of gradation of the aggregate to a point
where below minimum VMA values are obtained leads to thin films of asphalt and a dry looking, low durability
mix. Therefore, economizing in asphalt content by lowering VMA is actually counter-productive and
detrimental to pavement quality and should be avoided.

1.2.4. Asphalt Content

Of importance is the proportion of asphalt in the mixture and must be accurately determined in the laboratory
and then precisely controlled on the job. The optimum asphalt content of a mix is largely dependent on
aggregate characteristics such as gradation and absorptiveness. On the other hand, aggregate gradation is
directly related to optimum asphalt content. The finer the mix gradation, the larger the total surface area of the
aggregate and the greater the amount of asphalt required to uniformly coats the particles. Coarser mixes have
less total aggregate surface area, hence they demand less asphalt.

1.2.5. Tensile Strength Ratio

The strength loss resulting from damage caused by “stripping” under laboratory controlled accelerated water
conditioning is measured using the tensile strength test. Long-term susceptibility to stripping of an asphalt
concrete can be predicted from results obtained in the test. To contend the effects of water damage, an anti-
stripping additive is used in all asphalt mixes. The Contractor, in most cases is required to use 1.0 percent
hydrated lime in the mixture.
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1.3. Statement of Problem

Asphalt binders get stiffer and become brittle with age, which is referred to as asphalt aging or hardening. The
performance of asphalt mixtures are affected by rheological properties that have a direct impact on them.
Asphalt hardening often leads to fatigue cracking and eventually pavement failure with heavy and repeated
traffic loading [9]. For design of sustainable pavement, accurate determination of the deterioration/change of
properties of Asphalt Concrete (AC) with service life is essential. This is because, properties of asphalt concrete
change with the service life due to the continuous aging. Aging, being one of the most important and dynamic
characteristics of asphalt materials helps predict the life of a flexible pavement owing to the adhesive
characteristics of binders with aggregate particles. Effects of aging on stiffness, fatigue life, etc. are well known;
[19, 40], whereas, effect of aging on the air void of asphalt concrete as it affects strength, integrity (inherent
properties) and durability of the concrete is still an unknown issue. This study investigated the effects of aging
on air void of asphalt concrete sample.

1.4. Specific Objective
The specific objective of this research is to study the effect of air voids content in aging of bituminous mix.

1.4.1. Objectives of the Study
e Toinvestigate how air voids affect the strength of asphalt concrete with age.
e To examine the effect of air voids on the inherent properties of the bituminous material.
e To study the influence of air voids on the performance of some parameters such as binder content, unit
weight, voids filled with bitumen and stability as the pavement ages.

1.5. Scope of the Study

This research work studied the effect of air voids as it affects the strength, inherent properties of asphalt
concrete and the performance of some parameters (binder content, voids filled with bitumen, unit weight of
sample) as the pavement advance in age.

1.6. Justification of the Study

Age hardening of asphalt mixtures is an irreversible process, which contributes to a reduction of the durability
of pavements and eventually increases the maintenance cost. The failure of highway pavements before its design
life is on the increase, this is worrisome as the trend continues unabated and this affects the economic fortunes
of Nigeria. Certain parameters are found to be essential in a comprehensive understanding of aging
characteristics of asphalt binders such as air voids. Thus, there is a need to investigate the effect of these
parameters on aging in order to predict pavement life over its design period. The determination of the air void
with the age of the pavement is important to determine the damage or degradation of asphalt and this will
greatly enhance the sustainability of pavement when incorporated during design.

1.7. Limitations of the Study

The work shall be limited to laboratory testing, and shall consider using 80-100 pen grade of bitumen for
analysis. The research shall also be limited to asphalt-aggregate mixture aging procedures because these will
inherently take air voids (permeability) and asphalt-aggregate chemical interaction into account.

2. Research Methodology

2.1 Materials

The materials used for this study were bitumen, cement, coarse and fine aggregates. The bitumen was obtained
from the Ministry of Works in Akwalbom State, Nigeria. The cement used was the Portland Limestone Cement.
After sampling of the materials, laboratory test such as sieve analysis of the aggregates, grading of bitumen,
compaction, bitumen extraction and Marshall Stability test were conducted.

2.1.1. Bitumen/Binder
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The grade of bitumen used in this study was 80-100 PEN bitumen with average penetration value of 81 PEN.
The selection of bitumen was based on conventional bitumen grade suggested by the local authority, as stated in
Standard Specification for Road Work (Public Works Department 2008). The bitumen was used as the binder
material.

2.1.2. Aggregate and Gradation

The aggregates used in this study were collected from one local asphalt mixing plant in order to control the
quality and properties throughout the study. Granite aggregates supplied by Ministry of works was used
throughout this investigation. Prior to aggregate batching, the aggregates were washed, dried and sieved into
their respective size ranges. Their specific gravity and water absorption rate were determine, and also ensured it
is in conformity with the specifications.

2.2. Methods

2.2.1. Ageing with respect to pavement lifespan

To determine the effect of air voids as the pavement advances in age, test samples were prepared in batches. A
fresh asphalt concrete was prepared with a mix ratio of 19.5% for aggregate sizes of 5-15mm(1/2 inch), 80.5 %
for aggregate size of 0 — 5mm(fine aggregate and filler), and 4.73% bitumen content. These samples were
subjected to Marshall Test, density determination, stability, void content and percentage binder content test.
Samples were also collected from existing pavement with a life span of 5 years interval. These samples were
subjected to the test mentioned above including bitumen extraction test to simulate the effect of air voids as the
pavement ages towards its design life.

2.2.2. Marshall Stability Test

A standard Marshall mould with an average height of 65mm and diameter of 200mm was used in preparation of
specimens using Portland Limestone Cement as filler in this investigation. The 80-100 PEN bitumen was used
as binder for mix preparation. The aggregates were first mixed into batches according to the designated
gradations and weight. Those batches were then heated in an oven at the designated mixing temperature for
about 4 hours before the mixing process. A specified amount of bitumen was used to mix with the heated
aggregate batches. The samples were prepared in 100mm diameter moulds which were fitted with a base and
collar. The mixes were compacted (plate 2.1) with 75 blows on each side using a hammer consisting of a sliding
weight which falls onto a circular foot held on a hardwood block which is rigidly fixed to a concrete base during
compaction. After compaction, the specimens were removed from the molds and allowed to cool overnight as
seen in plate 2.2. The samples were removed from the mould using an extraction plate and press and heated to
the test temperature of 60°C in a water bath.

Plate 2.1: Compaction of specimen Plate 2.2: Compacted fresh asphalt specimen

The samples were then inserted into the breaking head (breaking head consists of upper and lower cylindrical

segments or test heads having an inside radius curvature of 5cm as seen in plate 2.3). The longer segment is

mounted on a base having two perpendicular guide rods which facilitate insertion in the holes of upper test

segment using the CBR tester for flow and stability test. This is illustrated in plate 2.4. The stability of the mix

is defined as the maximum load carried by a compacted specimen at a standard test temperature of 60°C. During

stability test, flow is measured as the deformation in units of 0.25mm between zero load and maximum load
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carried by the specimen (flow value may also be measured by deformation units of 0.1 mm). This test ensures
that the optimum binder content for the aggregate mix type and traffic intensity is gotten.

Plate 2.4: placement of specimen in breaking head
(CBR tester machine)

Plate 2.3: placement of specimen in mold

2.2.3. Voids Content Determination

The air voids characteristics of asphaltic concrete was determined based on Marshall Mix design as outlined in
ASTM D6927 (2015). The procedure was aimed at determining a number of parameters including voids in total
mix, voids filled with bitumen, and voids in mineral aggregate. This was achieved through the water absorption
method. The specimens were oven dried for a specified time and temperature and then allowed to cool in a
desiccator. Immediately upon cooling the specimens were weighed. They were then submerged in water at 23°C
for 24 hours. Specimens were removed, dried of moisture with a lint free cloth, and weighed. The result is as
presented in section 3.

2.2.4. Density Determination
The compacted samples were weighed in air and recorded. The samples were also placed in water with the help
of a string and bucket of water, their weights were recorded. The results are presented below.

2.2.5. Bitumen Extraction Test

Bitumen extraction is done to ascertain the quantity of bitumen present in an asphaltic concrete and if the
bitumen content is within the required specification of 5 - 8% for wearing course and 4.5 — 6.5 % for binder
course. Some portions of the compacted samples were heated to a temperature of about 120°c to melt. About
1000g of the sample was weighed into the extractor (plate 2.5). It was covered with a filter paper and
trichloroethylene solution was added as seen in plate 2.6, this is in accordance with AASHTO R 30
specification. The extractor machine was powered. The liquid content was collected through a collection plate.
The procedure was repeated until the bitumen was completely extracted. The machine was stopped and the
washed samples collected as shown in plate 2.7. It was then placed in an oven for drying. Then it was sieve to
identify the aggregate size and to ascertain if it falls within the required grading envelop. The results are
discussed below.

Plate 2.5: Before extraction Plate 2.6: During extraction Plate 2.7: After extraction
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2.2.6. Asphalt Coring

Core testing is an extremely precise tool used to determine what method of pavement repair is needed. A
sample of the pavement core is taken directly, giving insight into exactly what is going on with the subgrade
layers of the pavement and identify potential problems before they occur. This also allows the drainage capacity
of underlying soil to be tested, which will determine if and where drains are needed to maximize the lifespan of
the pavement thereby developing the most accurate pavement management plan possible.

Core testing determines the following parameters: Pavement Thickness, Bond between pavement layers, Soil
type under pavement, Drainage characteristics. Asphalt coring was conducted on some selected pavements in
Akwalbom State (plate 2.8). About 12 existing pavements were cored for test samples. Pavements were cored
within the range of 5 years, 10 years, 15 years and 20 years respectively, representing the pavement lifespan of
20 years. Plate 2.10 shows some of the samples obtained through coring.

Plate 2.8: During asphalt coring Plate 2.9: Asphalt cored hole Plate 2.10: Cored specimens

The holes created during coring (as seen in plate 2.9) was filled with fresh bitumen at a laying temperature of
160°c and compacted to avoid failure of the pavement through the hole (plate 2.11).

/ Loasl %
= n?
; ;
;

Plate 2.11: Replacement of cored hole with fresh Plate 2.12: After compaction of cored samples
aslphalt
After coring of the required samples, the same test conducted on the fresh asphalt specimen was conducted on
them. The samples shown in plate 2.12 was gotten. The results obtained form a basis for comparison and
discussion.

2.3. Data Collection

To aid in accurate comparison of the bituminous mix parameters obtained through experimental procedures,
initial bituminous mix values (during production stage) was obtained in the Akwalbom State Ministry of works.
These values were compared to the obtained values after test.

2.4. Regression Analysis

In statistical modeling, regression analysis is a set of statistical processes for estimating the relationships
between a predictor (dependent variable) and one or more criterion (independent variables). Regression
analysis as a powerful statistical tool was used to examine the relationship between age of bituminous mix
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which served as the predictor and void content, binder content, unit weight of sample, voids filled with bitumen
and stability, which served as criterion.

3. Results and Discussion
3.1. Mix proportion
The fresh asphaltic concrete had 19.5% for aggregate sizes of 5-15mm, 80.5% for aggregate size 0-5mm (made
up of fine aggregate and filler material) and a bitumen content of 4.73%. The mix proportion for 5, 10, 15 and
20 years asphalt were 25%, 27%, 23% and 22% for aggregate size 5-15mm, 75%, 73%, 77% and 78% for
aggregate size 0-5mm and 4.24%, 4.72%, 5.06% and 5.34% for bitumen content as shown in table 3.1. The
variations in the mix proportion could have been due to the choice and availability of aggregate and the
contractor’s discretion. It is worthy of note that the mix proportions fell within the recommended range (BS EN
13043).
Table 3.1: Asphalt mix proportion for wearing course asphaltic concrete
Aggregate in mix Age of asphaltic concrete
Fresh Asphalt 5years 10years 15years 20 years
15 -22 mm [3/4 inch] - - - - -

5—15 mm [1/2 inch] 19.5 % 25 % 27% 23% 22%
0 — 5 mm [Fine aggt. and filler] 80.5% 75% 73% 77% 78%
Bitumen content 4.73% 4.24%  4.72% 5.06% 5.34%

3.2. Initial Bituminous Mix Properties
The initial bituminous mix properties of the asphalt pavement considered as obtained from the Akwalbom State
Ministry of Works is as presented in Table 3.2.

Table 3.2: Initial asphalt mix properties for wearing course

Properties Age of Bituminous Mix
5years 10years 15years 20 years

Bulk Density (g/cm®) 1.81 2.18 1.91 2.10
Specific gravity 2.52 2.47 2.58 2.55
Porosity (%) 27.2 27.5 28.2 27.8
Void content (%) 6.5 5.8 6.2 7.0
Compressive strength (N/mm?) 144 1.50 1.48 1.52
Indirect tensile stiffness modulus (N/mm?) 2738 2840 2780 2795
Binder content 6.8 6.7 7.2 7.4
Unit weight 2.10 1.89 2.20 2.18
Abrasion loss (%) 12.8 13.1 12.6 125
Stability 4.50 5.80 8.70 8.50

Source: Ministry of Works, Aks (1999, 2004, 2009, 2014)

3.3. Asphalt Concrete Density/ Void Content Determination

The test conducted on the specimen for density and void content determination yielded the following results:
Table 3.3a — 3.3c shows results of density and void content determination for fresh asphalt mix. The core
specimen method was used for density determination which gave a unit weight of 2.42. The water adsorption
method was used for void content determination which yields a void content of 7.0 (table 3.3a). Same procedure
was used for other asphalt samples which yielded 2.28 g/cm® for 5 years (table 3.3b); 2.27 g/cm? for 10 years
(table 3.3b); 2.29 g/cm?® for 15 years (table 3.3c); and 2.31g/cm?® for 20 years (table 3.3c). The void content
determination yielded 5.3 for 5 years (table 3.3b); 4.2 for 10 years (table 3.3b); 3.5 for 15 years (table 3.3c); and
2.2 for 20 years (table 3.3c) respectively (ASTM D 2172 - 81).
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Table 3.3a:Density and void content determination for fresh asphalt mix

Density Determination Void Content Determination
(Core Specimen Method) (Water Absorption Method)
Age of Asphalt Fresh Mix Age of Asphalt Sample Fresh Mix
Sample
Core Location N/A Core Location N/A
Sample Identification A B C Sample Identification A B C
Weight of Sample in 1199.2 1199.6 1199.4 Weight of Sample in Air 1199.2 1199.6 1199.4
Air (g) (9
Sample Thickness (cm) 6.80 6.60 6.70 Weight of Sample After 1208.5 1207.5
Soaking (9) 1207.7
Weight of Sample in 704.0 702.0 703.0  Weight of Water 8.5 8.9 8.1
Water (g) Absorbed (g)
Volume of Sample 4952 497.6  496.4  Void in Specimen (%) 7.0 7.4
(cm®) 6.7
Unit Weight (g/cm?) 2.42 241 2.42 Av. Void in Specimen (%)
AV. Unit Weight 2.42 7.0
(g/em’)
Table 3.3b:Density and void content determination for asphalt concrete of 5 and 10 years
Density Determination (Core Specimen Method)
Age of Asphalt Sample (5) Years (10) Years
Core Location 1 2 3 1 2 3
Sample Identification AR-1 AR-2 AR-3 IB-1 1B-2 1B-3
Weight of Sample in Air (g) 812.0 6545 750.2 7195 1139.0 950.5
Sample Thickness (cm) 3.8 3.1 3.5 4.1 6.9 5.5
Weight of Sample in Water (g) 4155 364.0 402.5 402.5 641.0 510.5
Volume of Sample (cm?) 360.5 2905 320.5 317.0 498.0 420.5
Unit Weight (g/cm®) 2.25 2.25 2.34 2.27 2.29 2.26
AV. Unit Weight (g/cm?) 2.28 2.27
Void Content Determination (Water Absorption Method)
Age of Asphalt Sample (5) Years (10) Years
Core Location 1 2 3 1 2 3
Sample ldentification AR-1 AR-2 AR-3 IB-1 1B-2 1B-3
Weight of Sample in Air (9) 676.0 6545 665.5 9745 7195 847.0
Weight of Sample After Soaking (g) 679.5 658.0 669.0 9785 7225 850.5
Weight of Water Absorbed (g) 35 35 35 4.0 3.0 35
Void in Specimen (%) 5.2 5.3 5.3 4.1 4.2 4.2
Av. Void in Specimen (%) 5.3 4.2

Table 3.3c: Density and void content determination for asphalt concrete of 15 and 20 years

Density Determination (Core Specimen Method)

Age of Asphalt Sample (15) Years (20) Years

Core Location 1 2 3 1 2 3
Sample Identification NR-1 NR-2 NR-3 Ab-1 Ab-2 Ab-2
Weight of Sample in Air (g) 16715 18735 17805 14125 1433.0  1425.0
Sample Thickness (cm) 8.0 8.3 8.2 6.2 6.4 6.3
Weight of Sample in Water (g) 941.5 1063.5  985.5 800.0 812.5 806.5
Volume of Sample (cm®) 730.0 810.0 780.0 612.5 620.5 615.5
Unit Weight (g/cm®) 2.29 2.31 2.28 231 2.31 2.32
AV. Unit Weight (g/cm®) 2.29 2.31

Void Content Determination (Water Absorption Method)

Age of Asphalt Sample (15) Years (20) Years

Core Location 1 2 3 1 2 3
Sample ldentification NR-1 NR-2 NR-3 Ab-1 Ab-2 Ab-3
Weight of Sample in Air (g) 16715 18735 1779.3 14125 1433.0 14215
RN
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Weight of Sample After Soaking (g) 16779 18795 1785.5 14155 1436.0 14250
Weight of Water Absorbed (g) 6.4 6.0 6.2 3.0 3.0 35
Void in Specimen (%) 3.8 3.2 34 2.1 2.1 2.4
Av. Void in Specimen (%) 3.5 2.2

3.4. Aggregate Grading Test Result

Proper gradation of coarse aggregate is one of the most important requirements in the production of workable
asphaltic concrete. It ensures that a sample of asphalt concrete contains all standard fractions of aggregates in its
required proportion resulting in minimum voids in the sample. In this research work, the grading of aggregate
was done to ascertain if the aggregates used for the mix design fell within the aggregate curve envelop as
recommended (ASTM C 136 — 06). The result is presented in fig. 3.1a — fig. 3.1e

From the graph of fig. 3.1a, it is obvious that in the fresh asphalt concrete sample, the percentage of aggregates
passing the different sieve sizes were within the range, hence it falls within the distribution curve envelop.

AGGREGATE SIZE DISTRBUTION CURVE
AGGREGATE SIZE DISTRIBUTION 0.075 0.150 0.300 0.600 125 280 630 950 1250 19.00 25.00
Weight % % Allowable | |1C T =1 100
mm RID Retained | Passing Limit ,K
90} 920
25.00 | - - 100|100 7
19.00 - - 100 100 8 80
1250 |20 .54 | 2.14 | 9786| 85-100 - 2
9.50 |[46.04 | 4.79 93.07| 75-92 o o
6.30 [147.18|1531 | 77.76| 65-82
50} 50
280 |[164.85| 17.14 | 6062 | 50-65 =
1.25 |140.84| 14.65 | 4597 | 36-51 0
0.600 | 113.76| 11.83 |34.14 26-40 30 =
0.300 |106.95| 1112 |23.02 | 18-30 *x -

0.150 |100.95| 10.50 [ 12.52 13-24

10
0.075 [60.04 | 624 | 628 | 7-14 —
-0.075 | 46.95 | 4.88 B -

10

Fig. 3.1a: A graph showing the aggregate size distribution of fresh asphalt concrete
Unlike the graph of fig. 3.1a, the asphalt mix of 5 years has the percentage of aggregates passing the different
sieve sizes outside the range, falling outside the distribution curve envelop as shown in fig. 3.1b

AGCRECATE SIZE DSTRBUTION CURVE

WN'ESZEDSTRMO\] Q0B Q130 Q30 Q60 15 28 63 95 R 19m X0

Weight % % Allowable | | ]
mm RTD Retained | Passing Limit -

[0 D

25.00 - - 100 foo
19.00 - - 100 [100 o S o
12.50 60.38 | 5.31 9469 | 85-100 0 e o
9.50 142.42 | 1253 |82.16 | 75-92 . o
6.30 106.38 | 9.36 72.80 | 65-82 ;g
2.80 208.97 | 18.39 5441 | 50-65
1.25 176.91 |15.57 38.84 | 36-51
0.600 | 123.39 [10.86 27.98 | 26-40
0.300 |108.50 | 9.55 18.43 18-30 o) F
0.150 | 88.90 7.82 | 1061 13-24 » j‘ o
0075 | 5750 | 506 | 555 | 7-14 =E==

-0.075 | 56.50 | 4.97

Figure 3.1b: A graph showing the aggregate size distribution of 5 years
Fig. 3.1c shows asphalt concrete of 10 years. The aggregate sizes were within the distribution curve envelop as

most of the aggregates fell within the recommended range.
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ACCREGATE SIZE DSTRIBUTION CURVE

AM\NESZE DSTR BJT'O\I 0.075 0.150 0.300 0.600 125 2.80 6.30 950 1250 19.00 25.00
Weight % % Allowable | 19 s v 100|
mm RTD | Retained | Passing | Limit | | o
25.00 - - 100 100
19.00 - - 100 100 80 80
12.50 58.00 | 5.05 |9495 | 85-100 70 70
9.50 |126.84 | 11.04 |8391 | 75-92 . ©
6.30 |104.45 | 9.09 74.82 | 65-82
50 50
2.80 | 214.75|18.68 | 56.14 | 50-65
1.25 |135.20 [11.76 |4438 | 36-51 4° —=
30 30
0.600 | 94.03 | 8.18 36.20 | 26-40
0.300 |123.66 | 10.76 | 25.44 [ 18-30 20| 20
0.150 |141.13 | 12.28 | 13.16 13-24 0 = 0
0.075 | 75.26 | 6.55 6.61 7-14 3.

-0.075 | 71.18 6.19 - -

Fig. 3.1c: A graph showing the aggregate size distribution of 10 years
The trend found in asphalt mix of 10 years was replicated in that of 15 years, the aggregate sizes were within the

distribution curve envelop but with some of the aggregates out of the recommended range as shown in fig. 3.1d

AGCREGATE SIZE DISTRIBUTION CURVE

MC:NESZ_: DSTHB\JTIO\I 0.075 0.150 0.300 0.600 125 2.80 6.30 950 1250 19.00 25.00
Weight % % Aliowable | |19 T T 100
mm RTD Retained | Passing Limit 174
90 90
2500 | - - 100|100 S
1900 | - - 100 | 100 8 = 80
1250 | 3938 | 413 |9587 | 85-100 70 o
950 |80.69 | 8.47 | 87.40 |75-92 © ©
6.30 |87.92 | 923 | 78.17 | 6582
50
2.80 |195.87 | 2056 | 57.61 | 50-65 e
1.25 |123.30 [12.95 |44.66 | 36-51 0
0.600 |87.70 | 9.21 35.45 | 26-40 % *
0.300 |[112.22 |11.78 | 2367 | 18-30 20 = 2
0.150 |120.67 | 1267 | 11.0 | 13-24
10 10
0.075 | 46.60 | 4.89 6.11 | 7-14 —
0.075 | 51.22 | 5.38 - B

Figure 3.1d: A graph showing the aggregate size distribution of 15 years

As with the graph of fresh asphalt, 10 and 15 years asphalt concrete, the asphalt concrete of 20 years had
aggregate sizes that fell within the recommended range, and as such were within the distribution curve envelop
as shown in fig. 3.1e.

AGGREGATE SIZE DISTRIBUTION CURVE
ACGREGATE SIZE DISTRIBUTION 0.075 0.150 0.300 0600 125 2.80 630 950 1250 19.00 2500
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RTD Retained | Passing Limit 0 kr
25.00 - - 100 100 v
19.00 - - 100 [100 0 =k &
12.50 0.00 0.00 100 85-100 70 70
9.50 62.43 6.60 93.4 75-92 50 Y
6.30 122.38 | 12.8 80.6 65-82 '{ ©
2.80 247.86 | 26.0 54.6 50-65
40 ,; 40
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30| 30
0.600 76.96 8.1 31.9 26-40 ="
- 20 20
0.300 60.59 6.4 25.5 18-30 ==
0.150 |76.66 8.0 17.5 13-24 10 10
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Figure 3.1e: A graph showing the aggregate size distribution of 20 years
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3.5. Marshall Stability and Bitumen Extraction

The maximum load sustained by the bituminous material at a loading rate of 50.8mm/min was measured. The
flow value which measures the vertical deformation when the maximum load is reach was noted. Their results
are presented in table 3.4a — table 3.4e. The fresh asphalt concrete had a binder content of 4.73%, stability value
of 3.78kN and a flow value of 1.81mm (table 3.4a). The asphalt concrete of 5 years had a binder content of
4.24%, stability value of 6.44kN and a flow value of 2.75mm (table 3.4b). The asphalt concrete of 10 years had
a binder content of 4.72%, stability value of 8.50kN and a flow value of 3.4mm (table 3.4c). The asphalt
concrete of 15 years had a binder content of 5.06%, stability value of 9.41kN and a flow value of 2.42mm (table
3.4d). The asphalt concrete of 20 years had a binder content of 5.34%, stability value of 10.61kN and a flow
value of 2.86mm (table 3.4e) (ASTM D 2172 —81).

Table 3.4a: Marshall Stability for fresh asphalt concrete

ASPHALT Job Description: | Laboratory Testing of Asphalt Specimen | |
Assumed Gs of Bit. |pecific Gravity of Agg| Age of Asphalt Mix: Fresh Asphalt
MARSHALL TEST WEARING COURSE u [ pectfic bravity of fegl 16 p P
1.03 2.74 Date: 2nd Sept 2019
REPORT
© = = =] . [T o = —y R Bl € s ) |5 s
5|8 |Bg | 2s~| 28 |2 |, |88 B __BA4ZE2187 |2z | € |5.| E |2
® 4 £ £S g =€ TE |28 |vals2|s PEB<agc8lbEoadET| & L 8z S S
g2 RIS LS £ 5 25| 5 = oE |BRE|G e =5 EQ|e8 x| = . n L =
adl O° |© X o< =) 2 g £ O S|ln [EdFC Lyl v - So | 2 = £ 3 5]
£ - o o @ 5 |[28® |27 |=I S ozgasaRx (=8]8 S 5 o 8
K 5 & = =& =z S ERS S SIS PIRE |~ | @ o o] i &
A B C D E F G H | J K L M N [®) P Q R S T
S1 1199.2| 1200.0| 704.0| 495.2| 2.42 30.6/] 1.09| 4.89| 1.88
n
52 | 60°C| P.HC | % Wt| 1199.6| 1200.5| 702.0| 497.6| 2.41| 2 (9m/ml| % | % | % | % | 20.8| 1.04| 3.17| 1.75
S3 1199.8| 1200.5| 706.5( 493.3| 2.43 20.5| 1.09( 3.28| 1.79
Average 4.73| 4.52| 1199.5| 1200.3| 704.17| 495.4| 2.42 10.62| 84.33| 15.7 5.1| 67.8| 23.97 3.78| 1.81
Table 3.4b: Marshall Stability and extraction for asphalt concrete of 5 years
ASPHALT Job Description: | Laboratory Testing of Asphalt Specimen | | | Extraction
MARSHAL TEST it.pecific Gravity of Age] ix:
WEARING COURSE Assumed Gs of Bit. [pecific Gravity of Agg| Age of Asphalt Mix: 5Syears A Asphalt (g) 1200
REPORT 1.03 272 Date: 2nd Sept 2019 Aggregate (g) 1143.06
=4
] o | = For ] (C] o 2 — 21=8 = Z c
= = = © © O = | Z2¢ ] & 25782 3 £ S = 15 o
%U %oggo .E,E .E; 55 W~ géz “‘SHE‘?;E%S thu_:é §_,~ E _E’z\ ,§ B B [Filter paper +Filler (g) 37.3
:‘éicé 8FI6YS £5| £~ Jﬂé}ag %E égg %gg“a-dé;m§9>§g g . |¥ ‘;’ 5 C  |Filter paper alone (g)| 31.25
o o o o 2 =] < S = =2 2] 5 E Q "
s |8 |8 2 gg =z |3 2L |o e 2B: 22| 8 S |3 2 |&_E Filler (g) 6.05
A B C D E F G H | J K L M N [0} P Q R S T F Total Aggregate 1149.11
S1 991.2| 991.7| 545.0| 446.2| 2.22| 29.0| 1.25| 5.32| 2.80
S2 | 60°C| P.H.C | % Wt 992.7| 993.0| 552.0| 440.7| 2.25|,, |gm/ml| % % % % 39.0| 1.32| 7.55| 2.70 G Binder Content 50.89
S3 991.8| 992.0| 549.0| 443.5| 2.24 : 33.0( 1.23| 6.28| 2.75
Average 4.24| 4.07 991.90| 992.23| 548.67|443.47| 2.24| 8.85| 79.00/21.00| 12.16/42.14| 33.67 6.38| 2.75 H % Binder Content 4.24
Table 3.4c: Marshall Stability and extraction for asphalt concrete of 10 years
ASPHALT Job Description: I Laboratory Testing of Asphalt Specimen | I | Extraction
MARSHALL TEST WEARING COURSE Assumed Gs of Bit. [pecific Gravity of Agl Age of Asphalt Mix: 10 Years A Asphalt (g) 1000.00
1.03 2.72 Date: 2nd Sept 2019
REPORT B Aggregate (g) 950.42
= = o &2 =] . = £ cl
g g 5 58 1.2 |° BT 8 |gdlx|ES(3=|E |B | E| E| £
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2| &8 2 | 2&|=¢ |8 &z 3 [S87s8|cz|=<=|& |8 | 8| 2| & ¢ Filler () 238
A B C D E F G H | J K L M N o P Q R S T F Total Aggregate 952.85
S1 974.2 975.7| 545.5| 428.7| 2.27 40.9| 1.39| 8.34| 2.95
S2 | 60°C| P.H.C | % Wt | 1137.3| 1139.3| 641.0| 496.3| 2.29|  [gm/mI| % % % % 56.8| 1.04| 8.66| 3.75 G Binder Content 47.20
S3 1080| 1200.5| 706.5| 493.3| 2.43 : 45.5| 1.09( 8.29 3.5
Average 4.72| 4.51| 1063.8| 1105.2 631| 472.8| 2.33 11.22| 79.57| 20.4| 9.51| 54.9| 47.73 8.43 3.4 H % Binder Content 4.72
Table 3.4d: Marshall Stability and extraction for asphalt concrete of 15 years
ASPHALT Job Description: | Laboratory Testing of Asphalt Specimen | | | Extraction
MARSHALL TEST WEARING COURSE Assumed Gs of Bit. [pecific Gravity of AEI Age of Asphalt Mix: 15 Years A Asphalt (g) 1000.00
REPORT 1.03 2.66 Date: 2nd Sept 2019
B Aggregate (g) 940.40
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S1 1194.8| 1197.2| 675.0/ 519.8| 2.30 62.2 1.00| 9.12| 2.35
S2 | 60°C| P.HC | % Wt | 1193.6] 1195.7| 669.0| 524.6| 2.28| o [gm/ml| % % % % 68.9| 0.96| 9.70 2.4 G Binder Content 50.60
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Table 3.4e: Marshall Stability and extraction for asphalt concrete of 20 years

ASPHALT Job Description: | Laboratory Testing of Asphalt Specimen I I | Extraction
MARSHALL TEST WEARING COURSE Assumed Gs of Bit. |pecific Gravity of Agg| Age of Asphalt Mix: 20 Years A Asphalt (g) 1200.00
1.03 2.59 Date: 2nd Sept 2019
REPORT B Aggregate (g) 1126.35
o ol 2 5 =8 ~ | b & 2| x| B Slo £ 5 £ £ g
2 5 8 o &~ c? [ £E ! m?, — gxgi' o |22 | E k] B,\E b " "
§ . ESSE = == EB l:j'? §§ < 3: fDAtgg 203’;9 2z o l,‘,!;g: 3 S C  [Filter paper +Filler (g} 42.14
“éc SIES] o %5’ 57 |28 5 g LS 7 Ed$S o by ;m i g 5 E © Y 2 ‘S| D |[Filter paper alone (g) | 32.60
e Pe] 9] =R 2 5 2 3 o 51 =2 "
@ g 8 = 2832 |g BT 3 |2d7sg| s |=" o S S| | & € Filler (g) 9.54
A B C D E F G H | J K L M N o} P Q R S T F Total Aggregate 1135.89
S1 1192.1| 1193.3| 662.5| 529.6| 2.25 80.1| 0.96| 11.3| 2.58
S2 | 60°C| P.HC | %Wt | 1195.9| 1197.0| 667.5| 528.4| 2.26|  |9m/ml| % % % % 70.6| 0.96| 9.94| 3.15 G Binder Content 64.11
S3 1194.5| 1195.5| 665.5| 527.5| 2.24 : 75.5| 1.02(10.50| 2.86
Average 5.34| 5.13[1194.17|1195.27| 665.17| 528.5| 2.25 10.58| 83.05 17| 6.61| 62.4| 75.4 10.57| 2.86 H % Binder Content 5.34

3.6. Analysis of Parameters
Parameters obtained from test such as void content, unit weight of specimen, binder content and stability for the
different ages are shown in table 3.5. This forms the basis for comparison and discussion.
Table 3.5: Analysis of parameters of bituminous mix for the different asphalt ages
Age of Bituminous Mix Void Content Unit Weight of Sample Binder Content Stability

[%0] [g/cm’] [%0] [kN]
Fresh Asphalt 7.0 2.20 4.15 3.78
5 years 53 2.25 4.24 6.44
10 years 4.2 2.29 4.72 8.50
15 years 3.5 2.29 5.06 941
20 years 2.2 231 5.34 10.61

As can be seen in fig. 3.2, the voids content of the different ages considered fell between 7.0 — 2.2 % with the
fresh asphalt having the highest void content and the asphalt concrete of 20 years having the lowest. Comparing
these values to the initial values of void content as seen in table 3.2, there is a significant decrease in the void
content as the pavement ages which could have been due to the viscoelastic behavior of the asphalt material, that
is; its properties are a function of time (or frequency) and temperature. Due to traffic loading, consolidation
occurs in the asphalt concrete as a result of densification and plastic flow occasioned by change in temperature.
Pavement performance studies conducted by [56]shows that when air voids reduces, the plastic flow mechanism
predominates. When there is an increase in temperature, the voids are filled with bitumen as a result of the
expansion of the pavement, once weight is applied to the top layer and after contraction; the percentage of voids
in the pavement is reduced. It was observed that over a period of time as this process continues, it results in low
air voids content as the pavement ages. This is in line with a work done by [22] where the dynamic modulus
decreased with the increase in testing temperature due to softening of asphalt mixtures at higher temperature.
The unit weight of the specimens ranged from 2.20g/cm® — 2.31g/cm? with the fresh asphalt having the lowest
unit weight and the asphalt mix of 20 years having the highest. Comparing these values to the initial unit weight
values as seen in table 3.2, there is a significant increase. Density is the unit weight of the asphalt concrete
achieved through the compaction process. Hence, the major objective of compaction is to produce a dense mass
with high unit weight. However, it is also clear that it takes time to achieve a stable condition. Depending on the
volume of traffic and initial density, it may require adequate time before the ultimate field density can be
achieved. This gives rise to higher internal resistance of the asphaltic concrete to load and disintegration. The
more the road pavement is used over a period of time, the asphaltic material being a flexible media tends to
become denser due to increased compression from the axle load and the dissipation of voids and the aggregates
become more compact. This gives rise to increased unit weight over gradual increase in the age and usage of the
road pavement. The binder content of the specimens ranged from 4.15 — 5.34% with the fresh asphalt having the
lowest and the asphalt mix of 20 years having the highest. Comparing these values to the initial values of binder
content as seen in table 3.2, there is a significant decrease which could be as a result of oxidation and
volatilization. Oxidation rate is affected by asphalt binder type and thickness, pavement air voids, aggregate
type and ambient temperature. Asphalt binder content and aging mechanism is influenced either physically or
chemically by the aggregates. According to [8] aggregates, depending on their mineral composition, can absorb
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oily components from asphalt binder. Also, aggregates may influence the asphalt binder aging by acting as a
catalyst. Formation of the oxidation products can be advanced by aggregates in the low polar general fractions
or may absorb the highly polar fractions and cause less oxidation in the asphalt binder. Aggregate with small
pores had less potential to absorb asphalt binder, which results in accelerated aging. When volatilization
appears on the components of the asphalt, the amount of asphaltenes increases. This increase causes the binder
to behave like a solid, producing higher rigidity and deterioration of its condition. As this process is repeated
over the years, there is a significant increase in the asphalt binder content as the pavement ages. This is in line
with a work done by [15] where he noted that aggregate binder absorbance depended on the air voids and pore
sizes of aggregate. The stability of these specimens can also be seen from the graph, ranging from 3.78kN —
10.61kN. Comparing these values to the initial stability values as seen in table 3.2, there is a significant increase.
The fresh asphalt sample has the lowest stability because of the presence of air voids due to the viscoelastic
behavior of the material while the asphalt mix of 20 years has the highest. The more dense and compressed the
asphaltic material is, the higher its internal resistance to load and breakage, this gives rise to increased stability
of the asphaltic material as the age of the mix increases. The stability of a mix is a function of internal friction
and cohesion. Internal friction among the aggregate particles is related to aggregate characteristics such as shape
and surface texture hence, cohesion results from the ability of the binder to bond. A proper degree of both
internal friction and cohesion in asphalt mixture restrains the aggregate particles from moving over each other
by the forces exerted by traffic.
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2.00

1.00

ooo L 1IN - - L -
0year 5 years Age oflgixl?rar:fnous Mix 15 years 20 years
H Void Content Unit Weight of Specimen M Binder Content

Figure 3.2: A bar chart showing the parameters of bituminous mix
Figure 3.3a — 3.3d shows a graph where age of bituminous mix is plotted against stability, unit weight, void
content and binder content. It was observed that as the pavement advances in age, the voids content decreases
from 7.0% for fresh asphalt mix to 2.2% for asphalt mix of 20 years (fig. 3.3a).
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Figure 3.3a: Graph showing effect of aging on Void content
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Comparing these values to the initial values of void content as seen in table 3.2, there is a significant decrease
which could be due to traffic loading and consolidation in the asphalt concrete as a result of densification and
plastic flow occasioned by change in temperature. Pavement performance studies conducted by [56] shows that
when air voids reduces, the plastic flow mechanism predominates. The reason for this is the building up of pore
pressure in the air void space due to which some amount of asphalt is forced to flow. The flow of asphalt into
the voids and reduction in the asphalt film thickness will ultimately result in reduction of voids and relative
distance between aggregate particles. Therefore particle reorientation may be caused by the flow of asphalt into
the voids. The binder content increases from 4.15% for fresh asphalt mix to 5.34% for asphalt mix of 20 years

(fig. 3.3b).
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Figure 3.3b: Graph showing effect of aging on Unit Weight of Specimen
Comparing these values to the initial binder content values as seen in table 3.2, there is a significant decrease.
As the quantity of binder (bitumen) in the mix increases, it fills the voids in total mix and also provides more
cohesion and bonding between the different aggregates in the mix, thus reducing percentage voids in total mix
and increasing percentage voids filled with bitumen. This gives rise to the trend presented in figure 3.3a, where
the void content decreases with increase in the binder content. The unit weight increases from 2.20g/cm?® for
fresh asphalt mix to 2.31g/cm? for asphalt mix of 20 years (fig. 3.3c).
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Figure 3.3c: Graph showing effect of aging on Binder Content

Comparing these values to the initial unit weight values as seen in table 3.2, there is a significant increase.
Density is the unit weight of the asphalt concrete achieved through the compaction process. Hence, the major
objective of compaction is to produce a dense mass with high unit weight. However, it is also clear that it takes
time to achieve a stable condition. Depending on the volume of traffic and initial density, it may require
adequate time before the ultimate field density can be achieved. This gives rise to higher internal resistance of
the asphaltic concrete to load and disintegration. The more the road pavement is used over a period of time, the
asphaltic material being a flexible media tends to become denser due to increased compression from the axle
load and the dissipation of voids and the aggregates become more compact. This gives rise to increased unit
weight over gradual increase in the age and usage of the road pavement. The stability also increases from
3.78kN for fresh asphalt mix to 10.61kN for asphalt mix of 20 years (fig. 3.3d).
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Figure 3.3d: Graph showing effect of aging on Stability

Comparing these values to the initial stability values as seen in table 3.2, there is a significant increase. As the

age of the asphaltic concrete increases with a corresponding increase in the unit weight, the voids reduces, the

asphaltic material becomes more dense and compressed as the age of the mix increases. The denser and

compressed the asphaltic material is, the higher its internal resistance to load and breakage, this gives rise to

increased stability of the material, hence increase in strength.

The summary of the bituminous mix properties ( void content, binder content, unit weight of specimen, voids

filled with bitumen, stability) with the age of the pavement is presented in table 3.5

Table 3.5: Summary of Bituminous Mix Properties with Age

Age of Bituminous Void Binder Unit Weight of Voids Filled with Stability
Mix [Years] Content Content (%)  Specimen [g/cm®] Bitumen (%) [KN]
[%0]

Fresh Asphalt 7.0 4.15 2.20 40.50 3.78

5 5.3 4.24 2.25 42.14 6.44

10 4.2 4.72 2.28 54.91 8.50

15 35 5.06 2.30 53.70 9.41

20 2.2 5.34 2.31 62.42 10.61

3.7. Regression Analysis

The age of the bituminous mix was considered as the predictor while the voids content, binder content, unit
weight of specimen, voids filled with bitumen and stability were considered as the criterion. The variations in
the predictor with the criterion are presented in fig.3.5a — fig.3.5e. The regression analysis shows the standard
error, R-squared, adjusted R-squared and predicted R-squared values of the mix for each of the parameters
considered. It is worthy of note that the trend shown in the regression analysis is in line with the experimental
results gotten.

3.7.1. Regression Analysis: Void Content (%) versus Age of Bituminous Mix (yrs)

Regression Equation V,(%) = 0.6300 — 0.103004, .. i

3.7.2. Polynomial Regression Analysis: Void Content (%) versus Age of Bituminous Mix (yrs)

The regression equation is:

V,(%) = 0.6963 — 0.04755 A, + 0.002886 A, — 0.000087 A, BTN

S =0.0089576 R-sq=99.8% R-sq(adj)= 99.7% R-sq(pred) = 97.21%

Residual Plots for Void Content (%) Fitted Line Plot

Normal Probability Plot Versus Fits Void Content (%) = 0.6963 - 0.04755 Age of Bituminous Mix (yr)

= aoa - - + 0.002886 Age of Bituminous Mix (yr)*2 - 0.000087 Age of Bituminous Mix (yr)*3
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Figure 3.5a: Residual and fitted line plots for void content
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3.7.3. Regression Analysis: Binder Content (%) versus Age of Bituminous Mix (yrs)

Regression Equation B,(%) = 3.9250+ 036404, ... iii
3.7.4. Polynomial Regression Analysis: Binder Content (%) versus Age of Bituminous Mix (yrs)
The regression equation is:

B.(%) = 4.136 + 0.014214, — 0.009686/11,2 + 0.000300/11,3 .............. v
S=0.0425860 R-Sq=97.6% R-Sq(adj)=96.9%

Residual Plots for Binder Content (%) Fitted Line Plot
Normal Probability Plot Versus Fits Binder Content (%) = 4136 - 0.01421 Age of Bituminous Mix (yr)
= a1y + 0.0096586 Age of Bituminous Mix (yr)* 2 - 0.000300 Age of Bituminous Mix (yr)*3
: : 3 . . T . 54 o — fegrmen
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Figure 3.5b: Residual and fitted line plots for binder content
3.7.5. Regression Analysis: Unit Weight of Sample (g/cm®) versus Age of Bituminous Mix (yrs)
. . 3
Regression Equation: Uy, (<) = 1.730 + 0.3200 4, eV
3.7.6. Polynomial Regression Analysis: UWS (g/cm?®) versus Age of Bituminous Mix (yrs)
The regression equation is:
3 .
U (im ) =2.196 — 0.010544, + 0.00025742 vi
$=0.0064918 R-sq=98.4% R-sq(adj) =97.6% R-sq (pred) =97.11%
Residual Plots for UWS (g/cubic-cm) Fitted Line Plot
Normal Probabiity Plot Versus Fits UWS (g/cubic-cm) = 2.196 + 0.01054 Age of Bituminous Mix (yr)
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* s : . . = ——— Raegression
g 50 -g Q0o * - —_— — asEd
ng o - 2300 —& Y H a.aa-szaatt
) -a0z * 13 ./ - :::.'adj] e
! -0030 0.5 0.000 ams aaz0 2200 2225 2250 275 2300 E 2275 / /
Residual Fitted Value _g /
Histogram Versus Crder é 2250 /
= = g 2225
g s 3 (et = /
% w E a9 2200 /
oa <900 005 -000 -0005 0000 0005 Qo0 aols ooz o ; 1o * a

Residual Observation Order Age of Bituminous Mix (yr)

Figure 3.5¢: Residual and fitted line plots for unit weight of specimen
3.7.7. Regression Analysis: Voids filled with Bitumen (g/cm?®) versus Age of Bituminous mix (yrs)
Regression Equation: Vg, (%) = 38.38 + 5.964, UURURRRRRR ' 11

3.7.8. Polynomial Regression Analysis: VFB (%) versus Age of Bituminous Mix (yr)

The regression equation is

Vep (%) = 39.67 + 1.0984,, + 0.000514,2 viii
S$=3.13834 R-Sq=89.9% R-Sq(adj)=87.0%
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Residual Plots for VFB (%) Fitted Line Plot
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Figure 3.5d: Residual and fitted line plots for Voids Filled with Bitumen

3.7.9. Regression Analysis: Stability (kN) versus Age of Bituminous mix (yrs)
Regression Equation: S, (kN) = 5.400+ 13384, ... ix

3.7.10. Polynomial Regression Analysis: Stability (kN) versus Age of Bituminous mix (yrs)

The regression equation is:

S,o(kN) = 3.832 + 0.56974, — 0.011864,> .. X
S$=0.207279 R-Sq=99.5% R-Sq(adj) = 99.3%

Residual Plots for Stability (kN)

Fitted Line Plot
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Figure 3.5¢e: Residual and fitted line plots for Stability

3.8. Fisher Pairwise Comparisons

A Pairwise Comparison is the process of comparing obtained values in pairs to judge which of each value is
preferred overall. Each value is matched head-to-head (one-on-one) with each of the other values. This means
that each comparison looks at the difference between the means of a pair of design conditions.

3.8.1. Comparisons for VVoid Content (%): Response = Void Content (%), Term = Age of Bituminous Mix
(yrs)

Grouping Information Using Fisher LSD Method and 95% Confidence

Age of Bituminous

Mix (yr) N Mean Grouping
20 2 0525 A
15 2 0415 B
10 2 0345 C
5 2 0205 D
(;E;
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The comparison shows that at 95% confidence level, the groupings do not share a label, hence they are different.
The Simultaneous Confidence Level = 84.70% showing that it is within tolerable limits.

3.8.2. Fisher Multiple Comparisons with a Control: Response = VVoid Content (%), Term = Age of
Bituminous Mix (yrs)

Grouping Information Using Fisher LSD Method and 95% Confidence

Age of Bituminous

Mix (yr) N Mean Grouping
0.00 (Control) 2 0.695 A
20 2 0.525
15 2 0.415
10 2 0.345
5 2 0.205

The comparison shows that at 95% confidence level, the groupings do not share a label; hence they are
significantly different from the control levels mean. The Simultaneous Confidence Level = 86.57%, showing the
level of tolerance.

3.8.3. Comparisons for Binder content: Response = Binder Content (%), Term = Age of Bituminous Mix
(yrs)

Grouping Information Using Fisher LSD Method and 95% Confidence

Age of Bituminous

Mix (yr) N Mean Grouping
20 2 533 A
15 2 5.055 B
10 2 4715 C
5 2 4235 D

The comparison shows that at 95% confidence level, the groupings do not share a label; hence they are different.
The Simultaneous Confidence Level = 84.70%, showing the level of tolerance.

3.8.4. Fisher Multiple Comparisons with a Control: Response = Binder Content (%), Term = Age of
Bituminous Mix (yrs)

Grouping Information Using Fisher LSD Method and 95% Confidence

Age of Bituminous

Mix (yr) N Mean Grouping
0.00 (Control) 2 4.145 A
20 2 5.335
15 2 5.055
10 2 4.715
5 2 4.235

The comparison shows that at 95% confidence level, the groupings do not share a label; hence they are
significantly different from of the control. The Simultaneous Confidence Level = 86.57%, showing the level of
tolerance.

3.8.5. Comparisons for Unit Weight Sample: Response = UWS (g/cm?®), Term = Age of Bituminous Mix
(yrs)

Grouping Information Using Fisher LSD Method and 95% Confidence

Age of Bituminous

Mix (yr) N Mean Grouping
20 2 3305 A
15 2 2295 B
10 2 2275 C
5 2 2245 D

The comparison shows that at 95% confidence level, the groupings do not share a label; hence they are different.
The Simultaneous Confidence Level = 84.70%, showing the level of tolerance.
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3.8.6. Fisher Multiple Comparisons with a Control: Response = UWS (g/cm?), Term = Age of Bituminous
Mix (yrs)

Grouping Information Using Fisher LSD Method and 95% Confidence

Age of Bituminous

Mix (yr) N Mean Grouping
0.00 (Control) 2 2.195 A
20 2 3.305
15 2 2.295
10 2 2.275
5 2 2.245

The comparison shows that at 95% confidence level, the groupings do not share a label; hence they are
significantly different from the control level mean. The Simultaneous Confidence Level = 86.57%, showing the
level of tolerance.

3.8.7. Comparisons for Voids Filled with Bitumen: Response = VFB (%), Term = Age of Bituminous Mix
(yrs)

Grouping Information Using Fisher LSD Method and 95% Confidence

Age of Bituminous

Mix (yr) N Mean Grouping
20 2 62.415 A

15 2 54905 B

10 2 53.695 C

5 2 42135 D

The comparison shows that at 95% confidence level, the groupings do not share a label; hence they are different.
The Simultaneous Confidence Level = 84.70%, showing the level of tolerance.

3.8.8. Fisher Multiple Comparisons with a Control: Response = VFB (%), Term = Age of Bituminous Mix
(yrs)

Grouping Information Using Fisher LSD Method and 95% Confidence

Age of Bituminous

Mix (yr) N Mean Grouping
0.00 (Control) 2 40.495 A
20 2 62.415
15 2 54.905
10 2 53.695
5 2 42.135

The comparison shows that at 95% confidence level, the groupings do not share a label; hence they are
significantly different from the control level mean. The Simultaneous Confidence Level = 86.57%, showing the
level of tolerance.

3.8.9. Comparisons for Stability: Response = Stability (KN), Term = Age of Bituminous Mix (yrs)
Grouping Information Using Fisher LSD Method and 95% Confidence

Age of Bituminous

Mix (yr) N Mean Grouping
20 2 10.605 A
15 2 9.405 B
10 2 8535 C
5 2 6.435 D

The comparison shows that at 95% confidence level, the groupings do not share a label; hence they are different.
The Simultaneous Confidence Level = 84.70%, showing the level of tolerance.

3.8.10. Fisher Multiple Comparisons for Stability: Response = Stability (kN), Term = Age of Bituminous
Mix (yrs)

Grouping Information Using Fisher LSD Method and 95% Confidence
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Age of Bituminous

Mix (yr) N Mean Grouping
0.00 (Control) 2 3.775 A
20 2 10.605
15 2 9.405
10 2 8.535
5 2 6.435

The comparison shows that at 95% confidence level, the groupings do not share a label; hence they are
significantly different from the control level mean. The Simultaneous Confidence Level = 86.57%, showing the
level of tolerance.

4. Conclusion and Recommendations
4.1. Conclusion
The following conclusions were made

S
q).ﬁ\\; |

The difference in void content could have been due to the viscoelastic behavior of the asphalt material,
that is; its properties are a function of time (or frequency) and temperature. Due to traffic loading,
consolidation occurs in the asphalt concrete as a result of densification and plastic flow occasioned by
change in temperature. Pavement performance studies conducted by [56] shows that when air voids
reduces, the plastic flow mechanism predominates. The reason for this is the building up of pore
pressure in the air void space due to which some amount of asphalt is forced to flow. The flow of
asphalt into the voids and reduction in the asphalt film thickness will ultimately result in reduction of
voids and relative distance between aggregate particles. When there is an increase in temperature, the
voids are filled with bitumen as a result of the expansion of the pavement, once weight is applied to the
top layer and after contraction; the percentage of voids in the pavement is reduced. It was observed that
over a period of time as this process continues, it results in low air voids content as the pavement ages.
This is in line with a work done by [22] where the dynamic modulus decreased with the increase in
testing temperature due to softening of asphalt mixtures at higher temperature.

Density is the unit weight of the asphalt concrete achieved through the compaction process. Hence, the
major objective of compaction is to produce a dense mass with high unit weight. However, it is also
clear that it takes time to achieve a stable condition. Depending on the volume of traffic and initial
density, it may require adequate time before the ultimate field density can be achieved. This gives rise
to higher internal resistance of the asphaltic concrete to load and disintegration. The more the road
pavement is used over a period of time, the asphaltic material being a flexible media tends to become
denser due to increased compression from the axle load and the dissipation of voids and the aggregates
become more compact.

The difference in the binder content is as a result of oxidation and volatilization. Oxidation rate is
affected by asphalt binder type and thickness, pavement air voids, aggregate type and ambient
temperature. Asphalt binder content and aging mechanism is influenced either physically or chemically
by the aggregates. According to [8] aggregates, depending on their mineral composition, can absorb
oily components from asphalt binder. Also, aggregates may influence the asphalt binder aging by
acting as a catalyst. Formation of the oxidation products can be advanced by aggregates in the low
polar general fractions or may absorb the highly polar fractions and cause less oxidation in the asphalt
binder. Aggregate with small pores had less potential to absorb asphalt binder, which results in
accelerated aging. When volatilization appears on the components of the asphalt, the amount of
asphaltenes increases. This increase causes the binder to behave like a solid, producing higher rigidity
and deterioration of its condition. As this process is repeated over the years, there is a significant
increase in the asphalt binder content as the pavement ages. This is in line with a work done by [15]
where he noted that aggregate binder absorbance depended on the air voids and pore sizes of aggregate.
The difference in stability of these specimens could be attributed to the internal friction and cohesion of
the material. The more dense and compressed the asphaltic material is, the higher its internal resistance
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to load and breakage, this gives rise to increased stability of the asphaltic material as the age of the mix
increases. Internal friction among the aggregate particles is related to aggregate characteristics such as
shape and surface texture hence, cohesion results from the ability of the binder to bond. A proper
degree of both internal friction and cohesion in asphalt mixture restrains the aggregate particles from
moving over each other by the forces exerted by traffic.

4.2. Recommendation
The following recommendations are made

Since air voids influence the performance of pavement during service life, it should be ensured that the
air voids allowed in an asphalt mix is within the recommended standard at the production stage.

At the execution stage, if it has been confirmed that the inherent air voids is above the required limit,
the thickness of the asphalt should be increased to about 300mm.

Further studies should be conducted to determine the rate of bitumen aging as a function of the depth
from the pavement surface.
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