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ABSTRACT 

The focus of the study was to evaluate the effect of placing hydrated lime on the 

surface of asphalt concrete pavement. The study assesses the influence of hydrated lime 

on both the peak surface temperature as well as the temperature profile of the pavement 

with depth. The amount of lime that would yield the optimal temperature reductions 

without placing excess ineffective material was selected. To address the aforementioned 

goal, eight Superpave mix samples were prepared in the lab and compacted at the design 

compaction temperature to achieve a relatively consistent percent of air voids. All 

samples were compacted using a vibratory compactor to simulate real field construction 

procedures and conditions. To examine the effect of hydrated lime, surface temperatures 

as well as with-depth temperature measurements were made with an infrared camera, and 

thermocouples buried into the pavement, respectively. The same tests were performed at 

a field site with a newly laid down pavement. To minimize variables, the field Hot Mix 

Asphalt (HMA) pavement was of the same design as that used to prepare the lab samples. 

The effect of temperature on the mechanical properties of HMA mixtures used in 

Ontario; namely Superpave SP12.5FC2 PG64-28, SP12.5FC2 PG70-28, SP19.0, and 

Stone Mastic Asphalt (SMA), was assessed. The mechanical properties studied include 

rutting susceptibility, fatigue resistance, and resilient modulus. Thirty two samples were 

prepared in the laboratory and compacted at the design compaction temperature and 
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percent air voids. For each mix, two samples were used to test rutting susceptibility, three 

samples were used to test fatigue resistance, and three samples were used to test the 

resilient modulus of the mixes. With regards to rutting, the samples were tested in the 

Asphalt Pavement Analyzer (APA) at four different temperatures in order to give a 

complete rutting versus temperature profile. Three samples of each mix were tested to 

measure the resilient modulus at different temperatures using the Nottingham Asphalt 

Tester (NAT). Lastly, the fatigue resistance for each mix was assessed in the NAT with 

each of the three samples tested at a different strain to provide a complete picture of the 

mix behaviour when subjected to fatigue. The stiffness characteristics of the newly laid 

down in-situ pavement was determined using the Light Weight Deflectometer (LWD). 

Results indicate that placing 100g/m2 of hydrated lime on the surface of the hot 

mix asphalt pavement was the optimum surface treatment while avoiding the placement 

of excess ineffective material. This level of surface treatment led to temperature 

reductions that significantly improved the mechanical properties of asphalt concrete. 

Using the increased resilient modulus, consistent with the temperature reductions, it was 

shown, by carrying out an analysis using KENLA YER, that the design life of a pavement 

could be increased from approximately 25 to 33 years, from 20 to 30 years and from 12 

to 20 years corresponding to cool, intermediate and hot weather conditions, respectively. 
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CHAPTER 1 


INTRODUCTION 


The demands and reliance placed on roadways for mobility and commerce have 

increased substantially over the past 50 years. The highway network is not only the 

economic backbone of a country, but it also provides the only transportation access to a 

growing number of communities. To ensure that this mode of transportation remains cost 

effective, it is important that the design life of pavements is maximized. This thesis 

investigates a technology that is expected to prolong that service life of hot mix asphalt 

(HMA) pavement. 

1.1 RESEARCH BACKGROUND 

The transportation demands of the 21st century cannot be met by a 20th century 

road technology, mainly due to the dramatic increase in the volume and the weight of 

vehicular traffic. Pavement technology is being developed to deliver materials, design 

and testing innovations that result in the improved performance, safety, maintainability 

and sustainability of pavements. Superpave asphalt mix design is a new pavement design 

philosophy, but is complicated by many variables such as the temperature, which varies 

considerably over the year with changing seasons. 
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The temperature of an asphalt concrete pavement has a significant impact on its 

behaviour due to its viscoelastic/plastic nature. High summer temperatures reduce the 

asphalt concrete's resilient modulus and shear strength, which in tum decreases the 

resistance to the development of permanent deformations (rutting) under heavy vehicular 

loadings. Low winter temperatures, on the other hand, increase asphalt concrete resilient 

modulus and shear strength, together with the asphalt binder stiffness, leading to a 

reduction in the resistance to fatigue and temperature cracking. Technologies to reduce 

the in-service, hot-weather temperature of asphalt pavements, particularly near the 

surface where loading shear stresses are greatest, is of considerable technical and 

economical interest, which in tum contribute in a positive manner to maintaining a 

sustainable infrastructure. At this point in time, to improve pavement performance, 

asphalt cement is selected for a particular application taking into account the highest and 

lowest temperatures anticipated for each lift of the asphalt concrete pavement. 

A practical asphalt technology, which has been used on runways at the Toronto 

Pearson International Airport, is investigated in this study, which lightens the surface 

colour of the pavement, thus, reducing the black body absorption and hot-weather 

temperature of a new HMA surface. The reduction in temperature improves the 

performance of the pavement by increasing stiffness and reducing rutting. Many methods 

and treatments are available for lightening the surface of the HMA, one of which is the 

placement of hydrated lime. This thesis investigates the beneficial effects of hydrated 
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lime on the properties of pavement as a result of its placement on the surface of a new 

HMA mix. In addition to carrying out tests, the study makes use of computer analysis to 

demonstrate the benefits of hydrated lime surface treatment with respect to reducing the 

stresses and strains at various points in the pavement structure, leading to increased 

resistance to fatigue cracking and rutting. In addition, the thesis includes a damage 

analysis completed to assess the effect of surface modification on the design life of the 

pavement. 

1.2 LIME AS AN ADDITIVE 

Commercially available hydrated lime contains at least 90% calcium hydroxide 

and has a pH of about 12.4. Figure 1-1 illustrates the hydrated lime production cycle and 

shows the resulting product. It is a fine-grained material with more than 85% of the 

material passes the #325 sieve (45!lm sieve size). Being fine dramatically facilitates both 

mixing and coating efforts, and also contributes to a high speed of chemical activity. 

The rationale for adding hydrated lime to asphalt mixes is often associated with 

the need to reduce moisture damage. Hydrated lime has the potential to positively 

influence the performance of asphalt pavements, well as their durability. The use of 

hydrated lime, for example, improves the ability of an asphalt concrete mixture to resist 

rutting, cracking and aging [Little and Epps, 2001]. Hydrated lime not only dramatically 

improves the hot mix asphalt (HMA) in these aspects when used alone, but also works 

3 
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well when used in conjunction with other additives such as polymers, making the 

pavement system perform to the highest standards for many years. 

l 


Figure 1-1: Left: Hydrated Lime Production Cycle, Right: Hydrated Lime 

Sample [National Lime Association, May 2004]. 


1.3 APPLICATIONS OF HYDRATED LIME IN HMA MIXES 

The advantages of the use of hydrated lime in HMA mixtures are best 

demonstrated with regard to its positive effects on the properties of HMA. 

1.3.1 Anti-stripping 

Hydrated lime forms insoluble compounds that create very strong bonds between the 

asphalt binder and the aggregates, which act as barriers to stripping at all water pH levels 
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[Tarrer, 1996]. In addition, hydrated lime (0.5 to 2.0 percent by mass of HMA mix) tends 

to change the characteristics of the plastic fines contained in the marginal aggregates so 

that they are no longer plastic but act as agglomerates held together by a "pozzolanic 

cement" [Little, 1987]. This process is carried through mechanisms of cation exchange, 

agglomeration1
, and pozzolanic reactions2 that reduce the ability of aggregate fines to 

attract and hold water. Having electropositive surface charge, and being made of 100% 

solids and 0% water, hydrated lime is highly attracted to asphalt cement (AC), which 

contributes to reducing the stripping potential of asphalt concrete. 

1.3.2 Rutting 

Rutting is best described as the permanent deformation of the asphalt concrete 

surface layer caused by traffic loading imparting stresses that cause the material to no 

longer behave in an elastic manner; in other words, strains are not recovered once loads 

are removed. Rutting, which mostly occurs at high temperatures, is due to a loss of 

stability of the asphalt mix, which in tum reduces the life of a pavement structure. 

1 Adherence of particles into a small mass due to moisture, static charge or chemical or 
mechanical binding [Hornby, 1974]. 

2 Involve pozzolans: defined as siliceous or siliceous and aluminous materials, which possess 
little or no cementing properties, but chemically react with calcium hydroxide at normal 
temperatures in the presence of moisture to form compounds of high cementitious properties 
[Hornby, 1974]. 
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Rutting is directly related to the stiffness of HMA. The stiffer the mix, the better it 

is in resisting rutting. Lime is a superior active mineral filler because of its ability to 

make HMA mixes stiffer, tougher, and hence more resistant to rutting. Hydrated lime 

particles tend to disperse throughout the HMA and react with the asphalt binder, which in 

tum contributes to increasing the dynamic modulus/stiffness of HMA. 

The addition of hydrated lime (0.5 to 2% by mass) to the HMA generally 

increases the performance grade (PG) of the binder by as much as one full grade 

[National Lime Association, 2004]. Creep tests, performed on HMA mixes in Texas, 

clearly illustrate that the addition of hydrated lime has a positive effect on the high 

temperature stability of mixes. The study indicated that lime increases mixture stiffness at 

an early stage and becomes more stable over time [Little, 1994]. Increased stability 

produces an asphalt mix that is more resistant to rutting and other forms of permanent 

pavement deformation. 

1.3.3 Aging 

Beside the aforementioned benefits observed from the use of hydrated lime in 

HMA, it has also been observed that hydrated lime reduces the rate at which the asphalt 

cement oxidizes and hardens. Age hardening of asphalt cement is mainly due to the 

chemical reactions that take place between the asphalt binder and the environment. 

Highly polymer molecules present in the bitumen react with the environment, breaking 

6 
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apart and contributing to increasing brittle pavement behaviour over time. The calcium 

hydroxide present in the hydrated lime and the highly polymer molecules chemically 

react together to inhibit the polymer molecules from reacting with the environment. The 

addition of hydrated lime alters the oxidation kinetics of the asphalt cement and interacts 

with oxidation products present in the binder, which in tum reduces their deleterious 

effects. Age hardening effects are reduced more at high temperatures than at low 

temperatures. Consequently, lime-modified asphalt cement remains flexible and protected 

from brittle cracking for periods longer than it would without the addition of hydrated 

lime. A study conducted at the Western Research Institute (WRI) shows that age 

hardening of asphalt can be reduced by the addition of as little as 0.5% of hydrated lime 

by dry weight [Petersen, Plancher and Hamsberger, 1987]. 

1.3.4 Fatigue Cracking 

Although stiffening the HMA with hydrated lime makes it able to resist rutting, 

one could assume that it would cause the binder to become too brittle at low 

temperatures. Even though hydrated lime increases the stiffness of the HMA at low 

temperatures, it is not nearly as significant as the beneficial effect at high temperatures. 

Asphalt concrete cracking is not only a result of aging, but also depends on 

mechanical causes including fatigue at low temperature. The use of hydrated lime not 

only stiffens the pavement but also improves the fatigue characteristics and reduces 

7 
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cracking. Cracks start as tiny micro-cracks at either the top or the bottom of the pavement 

layer and later join together after propagating to form macro-cracks due to repeated 

traffic loadings. These micro-cracks are interrupted by the tiny hydrated lime particles 

and are deflected. It has been found that lime reduces cracking more than inactive fillers 

because of the chemical reaction that occurs between the calcium hydroxide in the lime 

and the polar molecules in the asphalt cement, which in tum increases the effective 

volume of the lime particles by surrounding them with large organic chains [Lesueur and 

Little, 1999]. Therefore, lime is a superior additive because of its ability to intercept and 

deflect micro-cracks, preventing them from growing into macro-cracks that can cause 

major structural failure of the pavement. 

1.3.5 Fracture Toughness 

Fracture toughness is best described as the amount of energy used to fracture a 

material. In addition to hydrated lime increasing the stiffness of the asphalt binder at high 

temperatures, the fracture toughness is dramatically increased due to the increased tensile 

strength of the lime-modified asphalt cement. The lime-modified asphalt cement 

demonstrates a greater tendency to dissipate energy by allowing the material to deform 

more at low temperatures, when compared to that of the unmodified cement. 

8 
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1.3.6 Top-Down Cracking (TDC) 

Top-down cracking of asphalt pavement has become a growing concern that must 

be dealt with at the design, construction, maintenance, and resurfacing stages of long-life 

asphalt pavements. This cracking mode is related to the tensile and shear stresses 

associated with temperature variations, stiffness gradients, and construction problems 

such as premature age hardening of the asphalt binder, as well as other factors. Top-down 

cracking initiates at the surface of the pavement and then propagates downwards. Such 

cracks are induced by various mechanisms, one of which is large drops in temperature 

that causes tensile stresses to build up within the asphalt surface course layer. These 

stresses later exceed the tensile strength of the mixture leading to rupture. 

Even though highly advanced pavement design methods to deal with top-down 

cracking are currently being developed, the most effective way of addressing this concern 

is to enhance the mechanical properties of asphalt materials. To overcome pavement 

failures due to TDC, designers consider the use of softer binders that are less prone to 

aging as part of the solution. To reduce the rate of oxidation and age hardening of asphalt 

binders, the use of hydrated lime is highly recommended as it positively alters the 

oxidation kinetics of the asphalt cement and interacts with oxidation products present in 

the asphalt cement to minimize the negative effects of these products. 

9 
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1.3.7 Extended Benefits 

Dark colours affect the surrounding temperature, the amount of energy used for 

cooling/air conditioning, and the habitability of cities. During the summer, dark colours 

such as the surface of the asphalt pavements get heated from the sun and retain the 

thermal energy. Pavements radiate some of this energy making the cities a lot hotter, 

which in tum raises the summertime cooling demand. 

The working hypothesis in this thesis is that, with the use of hydrated lime in 

pavement mixes, pavement surfaces become lighter in colour, which in tum contributes 

to lowering the amount of energy absorbed and held by the pavements. Consequently, 

cities should become less hot, reducing the amount of energy used in cooling. From a 

sustainability point of view, the work of this study also contributes to reducing the 

temperature of the run-off water, and hence protecting the habitat. 

1.4 ECONOMICS 

Economics play an important role in our daily lives, and therefore, any new 

technology to be implemented must be economical on a life-cycle cost basis. Table 1-1 

summarizes the cost of placing hydrated lime on the surface of HMA mixtures. 
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Table 1-1: Cost Summary of Surface Modification of HMA Mixes with Hydrated Lime. 

Category 

Cost of Hydrated Lime in Greater Toronto Area (GTA) 

Typical Hourly Rates on Construction Sites in GTA 

Cost of hydrated lime including delivery 

Construction cost 

Price (Canadian ······ 
Dollars) 

$165/ton 

$200/hour1 

Total cost 

Notes: 
1. Based on two workers per equipment. 
2. Based on 4000 m2/hour. 
3. Price includes 20% contingency 

1.5 SUMMARY OF OBJECTIVES. 

An asphalt technology, which has been used in off-road applications, 

hypothesizes that lightening the surface colour of new pavement surfaces, that are 

originally very black before aging to a grayer colour, reduces the black body absorption 

and hence the summer temperature of the surface. One method available for lightening 

the surface of HMA to improve its performance is the addition of hydrated lime, wqich is 

currently thought to be the most suitable choice as a surface treatment. 

Previous studies have been conducted to evaluate the impact of adding various 

hydrated lime amounts to HMA mixes on non-thermally affected mechanical properties. 
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The primary focus of the research reported in this thesis was to study the effect of placing 

different amounts of hydrated lime on the surface of asphalt concrete pavement and 

assess their influence on both the surface temperature as well as the temperature profile 

of the pavement with depth. An important outcome was to determine an optimum level of 

hydrated lime addition. 

A further objective of the study was to assess the effect of temperature on the 

mechanical properties of hot mix asphalt mixtures used in Ontario; namely Superpave 

SP12.5FC2 PG64-28, SP12.5FC2 PG70-28 and SP19, and Stone Mastic Asphalt (SMA). 

The mechanical properties studied include rutting susceptibility, fatigue resistance, and 

the resilient modulus of the HMA mixtures in hand. 
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CHAPTER 2 


MIXES AND MATERIALS 


2.1 INTRODUCTION 

Asphalt concrete consists of a bituminous binder, coarse and fine aggregate, and 

additives occasionally used to improve the engineering properties of the material. Mix 

design involves determining an optimum asphalt binder content for a desired aggregate 

structure to meet prescribed physical properties of the material both, from the aggregate 

and asphalt binder perspective. The selection of different mixes for different projects is 

Table 2-1 

Superpave and SMA Ontario Traffic Categories [Ontario Provincial Standards Specifications 


(OPSS) l003 Table 3 and OPSS 1151 Table 1] . 


(Million)- Note .·· 
1 

Low volume roads, parking lots , driveways, and 
A <0.3 

residential roads. 
B 0.3 to< 3.0 
c 3.0to< 10 
D 10 to< 30 arterial roads and trans 

Freeways, major arterial roads with heavy truck 
E > 30 traffic, and special applications such as truck and 

bus climb· lanes or areas. 
Note 1: 
Equivalent single axle load (ESAL) for the projected traffic level expected in the 
design lane over a 20-year period, regardless of the actual design life of the 
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based on required performance, which takes into account the availability of materials and 

the climate and the traffic conditions of the geographic area that the asphalt mixes are 

intended to serve in. Within the Superpave mix design context in Ontario, traffic level, 

also referred to as traffic condition, is categorized by the use of an alphabetical 

designation presented in Table 2-1. 

Figure 2-1: (A) SP12.5 FC2 PG64-28 Sample. (B) SP12.5 FC2 PG70-28 Sample. 
(C) SP19.0 Sample. (D) SMA Sample. 
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The purpose of this chapter is to introduce the different HMA mix designs that 

were used for this study; namely Superpave SP12.5FC2 PG64-28 and PG70-28, 

Superpave SP19.0 and Stone Mastic Asphalt (SMA). According to nomenclature, 

SP12.5FC2 PG64-28 indicates that the maximum nominal size aggregates used is 

12.5mm, the mix has frictional characteristics for both coarse and fine aggregates (FC2) 

and PG64-28 meaning that the binder is designed to perform over a range bounded by a 

maximum and minimum pavement temperatures of 64°C and -28°C, respectively. Figure 

2-1 compares the appearance of these asphalt concrete designs, which are commonly 

encountered in the Greater Toronto Area (GT A). Since Superpave mixtures and design 

procedures are starting to take over conventional HMA mixtures, Superpave mix types 

were chosen for the study. The mix designs that were considered allowed for an 

assessment of the effect of asphalt concrete design and different performance grades (PG) 

on the mix, as well as the impact of hydrated lime surface modification on the mechanical 

and albedo 1 properties. 

2.2 SUPERPAVE SP12.5 FC2 PG64-28 and SP12.5 FC2 PG70-28 

What differentiates the different asphalt cement grades is the temperature range 

over which the performance requirements are to be met. The requirements, being target 

physical properties, are directly related to field performance. PG64-28 for example 

1 Albedo is a unitless measure of a surface or body's reflectivity [Wikipedia Encyclopedia, 2006]. 
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indicates that the binder has been designed to resist rutting and shoving distresses up to 

64oc and at the same time resist low temperature cracking at temperatures with a value as 

low as -28°C. The high and low temperature designations of bituminous performance 

grades extend both directions in six-degree increments. The engineer selects a binder 

grade based on environment (historical temperature data), road classification, traffic 

level, binder cost and availability. In southern Ontario, which is within Zone III, PG64-28 

is recommended for slow moving traffic and highways. PG70-28 on the other hand is 

recommended for roadways with a high percentage of heavy truck traffic at slow speeds 

and frequent stops and starts within the same zone. 

Superpave 12.5 FC2, which is similar to the traditional Dense Friction Coarse 

(DFC) mix according to Ontario Provincial Standards Specifications (OPSS) 1150, is a 

surface mix for use on Traffic Category D and E roads. In other words, the mix can be 

used for major arterial roads with heavy truck traffic, transit routes, freeways and special 

applications such as truck and bus climbing lanes as well as for stopping areas. 

The m1x, at both performance grades (i.e. PG64-28 and PG70-28), provides 

superior rutting and skid resistance through a proper selection of aggregates. When 

comparing the SP12.5 FC2 mixtures at both grades, PG70-28 is more resistant to high 

temperature distresses such as rutting and shoving. On the other hand, both mixtures are 
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seen to equally resist temperature cracking since both HMA mixtures can withstand a 

minimum pavement temperature of -28°C. 

A summary detailing the mix designs is presented in Table 2-2 for the SP12.5 

FC2 PG64-28 mix and in Table 2-3 for the SP12.5 FC2 PG70-28 mix. 

In addition to the laboratory testing, field tests were performed to see how well 

laboratory measurements represent what is observed in the field. The field site pavement 

was similar in mix design to the SP12.5 FC2 PG64-28 mixture tested in the laboratory, 

with the only difference being the AC content. The bitumen content was 4.7% in the 

laboratory whereas it was 5.2% in the field. 
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COARSE 
AGGREGATE#2 

COARSE 
AGGREGATE #3 

o/o A.C 
RAP 

Gmb 2.541 

Gmm 2.646 

% CA#3 

% FA#l 

FINE 
AGGREGATE #3 

RAP#l 

23.6 

The pass 4.75mm portion of the blend gradation has been adjusted for fines returned to the mix. 
The specimens were compacted with SGC @ 145°C ( = Recompaction Temperature). 
No SSD air voids correction is required. 
Weight required for llSmm Height of SGC Specimen= 4800 g. 
The of water is < 1.0 
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100.0 100.0 100.0 100.0 98. 1 79. 1 

G f,yra IOns: N". 9IDI= N des = 125 
< REQUIRED + SELECTE

Superp!lve Volumetrics D 
% CA#l 49.0 

Nc~es(% Gmm)/V% 96.0 I 4.0 96.0 I 4.0 % 

N;.;(% Gmm) :S 89.0 88.2 

Nm.,(% Gmm) :S 98.0 96.5 % FA#l 10.0 

VMA(%) 14 15.0 

Minimum 65.0 
VFA(%) 73.3 

Maximum 75.0 

Dust Minimum 0.6 

Proportion 
0.9 

Maximum 1. 2 

Tensile Strength Ratio, % 80.0% Minimum 84. 1 

Traffic Category E E 

FINE 

7.4 

% FA#3 

BRD 2.645 

100.0 

3.1 

3.9 

COARSE 

% CR2 Face 

o/o F & E (5:1) 

AGGREGATE #2 

FINE 
AGGREGATE #1 

AGGREGATE #3 

RAP#1 

The specimens were compacted with SGC @ 155°C ( = Recompaction Temperature). 
2. No SSD air voids correction is required. 
3. Weight required for 115mm Height of SGC Specimen= 5260 g. 
4. The absorption of water is 0.3 % < 2.0 %, hence, no sealing of specimen is required. 
5. AC Extraction 
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2.3 SUPERPA VE SP19 

Superpave 19.0, a binder mix for use on Traffic Category A, B, C, and D roads, 

is similar to the traditional HL 4, HL 8, and HDBC mixes according to OPSS 1150. 

SP19, being used in southern Ontario, employs a PG58-28 asphalt cement and is 

primarily used for low volume facilities such as parking lots, driveways, and residential 

streets. It can also be used for major and minor collector roads, major and minor arterial 

roads, and transit routes. A summary of mix design details is presented in Table 2-4. 

2.4 STONE MASTIC ASPHALT (SMA) 

SMA, which is considered to be a high performance mix in Ontario, is known for 

its rut, skid, and fatigue cracking resistance. In addition, SMA is known for its durability 

through its high AC content. SMA is commonly used as a wearing or surface course for 

divided highways and high-volume roadways in both intermediate and surface courses. 

Stone Mastic Asphalt (SMA) is a gap-graded dense asphalt m1x with 

approximately 3 percent air voids. Proportionally, these mixes contain a large amount of 

100% crushed coarse aggregate and a rich enhanced asphalt cement/filler matrix. The 

coarse aggregate, through point-to-point contact, forms a high-stability skeleton. The 

binder mastic consists of high AC content, cellulose or mineral fibers, and a high 

percentage of mineral filler. SMA mixes appear to be stickier than conventional HMA 
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Air Voids(%) @ N"•' 

VMA( %) 

VFA (%) 

Dust 
Proportion 

70.0 

l.l 

COARSE 
AGGREGATE #2 

COARSE 
AGGREGATE #3 

l3.0 l3.75 

89.9 

% FA#3 

FINE 
AGGREGATE #3 

RAP#l 

RAP#2 

2.543 

2.700 

The pass 4.75mm portion of the blend gradation has been adjusted for fines returned to the mix. 
The specimens were compacted with SGC @ l38°C ( = Recompaction Temperature). 
No SSD air voids correction is required. 
Weight required for llSmm Height of SGC Specimen= 4800 g. 
The absorption of water is< 1.0%, hence, no sealing of specimen is required. 
Total AC in the mix= 4.5 %; AC from RAP= 0.8 % and New AC = 3.7% 
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mixes due to the addition of polymer-modified asphalt cement. A typical mix consists of 

70% coarse aggregates, 8% limestone filler, 17% fine aggregates, 6% polymer modified 

PG70-28 AC, and 0.3% cellulose fiber. 

Frequently, a bumped or double bump high temperature grade of performance 

graded AC is used. The bitumen used for instance is bumped up one grade from PG58-28 

to PG64-28 or twice to PG70-28. The mortar component of the mix is critical to mix 

durability and satisfactory retention of the asphalt cement during transport and placement. 

The mortar is generally made up of asphalt cement, mineral filler, and cellulose fiber. 

Mineral fillers and cellulose fibers are commonly added to form a stiff mortar and 

prevent drain down of the A C. The in-place air voids of the mix are kept low to achieve a 

high impermeability of the compacted mix to water. 

SMA mixes cool rapidly on the road and therefore, compaction must be 

completed in the shortest time possible. This is normally done using static steel drum 

rollers as vibratory rollers may crush some of the coarse aggregate particles, whereas 

rubber tired rollers tend to pull out some of the fine material, causing minor flushing of 

the mix. SMA mixes are generally not tender and therefore, rollers should be placed on 

the hot mat and kept close to the screed to ensure optimal compaction before the mix 

cools. 
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It is estimated that the SMA mix costs 30 percent more than the conventional 

HMA mixes, but it may last twice as long and hence require less maintenance with a 

correspondingly lower life-cycle cost. A summary of mix design details is presented in 

Table 2-5. 
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SUPPLIER ACGRADE 

* FINES RETURN ED TO MIX (2.0%) 

SUPPLIER TYPE AS % OF MIX 

COARSE FINE 
AGGREGATE #2 AGGREGATE #3 

COARSE RAP#lAGGREGATE #3 

FINE RAP#2AGGREGATE #1 

REMARKS 
1. The pass 4.75mm portion of the blend gradation has been adjusted for fines returned to the mix. 
2. The specimens were compacted with SGC (100 gyrations) @ 150°C ( = Recompaction Temperature). 
3. No SSD air voids correction is required. 
4. Weight required for 115mm Height of SGC Specimen= 4800 g. 
5. Dry Rodded Density of Coarse Aggregate (AASHTO T19) = 1569 kg/m3

• 

24 




M.A.Sc. Thesis - I. Abu-Halimeh McMaster University- Civil Engineering 

Table 2-6 compares SMA and conventional HMA. One observes that Stone 

Mastic Asphalt mixes better resist shear as a result of the high degree of interlocking 

between the aggregates, which improves stability against rutting. At the same time, SMA 

is much better than a conventional HMA mix with regard to abrasion resistance and 

durability. SMA is known for its lower stiffness at low temperatures and higher stiffness 

at high temperatures, which makes it highly resistant to both fatigue cracking and rutting. 

Due to its enhanced performance, SMA is commonly used in heavy truck traffic areas 

and freeways. 

Table 2-6 

Comparison between SMA and Conventional HMA Mixtures [4G03: Pavement Design Course 


Notes, 2005]. 


Noise Reduction 
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CHAPTER 3 


LABORATORY PAVEMENT SAMPLES 


Laboratory testing was performed to ensure a controlled, consistent environment 

and to avoid temperature fluctuations and the destructive testing of in-situ pavement. In 

addition, research is generally a lengthy process and therefore, laboratory testing is often 

performed before testing in the field. Laboratory testing was conducted on samples that 

were prepared using the same HMA mix as that placed in the field. To simulate real field 

conditions, the samples were prepared to the same specifications and using similar 

methods as those in the field. Compaction of the samples, for instance, was done using 

the Asphalt Vibratory Compactor (A VC), which simulates the role of a vibratory steel­

wheeled roller that usually makes the first compaction run on an in-situ pavement. Once 

laboratory testing was completed, in-situ testing was performed to assess how well 

laboratory measurements represent what is observed in the field. 

3.1 SAMPLE PREPARATION 

Superpave HMA brought to John Emery Geotechnical Engineering Limited 

(JEGEL) for testing were used for the preparation of laboratory samples. This helped 

avoid lengthy mixing periods and the high mixing accuracy required to generate mixtures 

with properties similar to those of the field HMA. The pre-mixed hot mix was 
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reheated for 30 minutes using a microwave in order to make it more workable for the 

fabrication of specimens. Depending on the targeted Maximum Theoretical Relative 

Density (MRD) of the mix, the desired final height of the sample (i.e. 78mm), and the 

percent voids being targeted (5 ± 2% according to OPSS310 Field Requirement for 

Compaction), asphalt concrete amounts needed for the individual samples were 

calculated1 and the correct quantities were then placed in pans and covered with 

aluminum foil to prevent excessive heating and age hardening of the mix. Depending on 

the compaction temperature provided on the mix design sheet for that specific mix, the 

pans containing the material were then placed in the oven at a temperature that was 5°C 

higher than that required for compaction. Given that the hot mix must be compacted 

above a threshold temperature, this higher temperature took into account heat loss during 

the transfer of the material from the pans to the compaction mould and then to the 

compactor itself. While in the oven, the temperature of the material was monitored using 

a temperature gauge inserted into the material through the aluminum foil covering the 

pans. While transferring the mould to the compactor, two digital thermocouples were 

inserted into the material to monitor the average temperature to make sure that it was 

above that required for the compaction of the material as specified on the mix design 

sheet. 

An Asphalt Vibratory Compactor (A VC), which has two vibrators placed on top 

1 Refer to Appendix A for a sample calculation. 
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of a compaction plate, was used for compaction. The compaction mould was designed to 

give samples that were 300mm in length and 125mm in width, with AVC compaction 

plate height location being adjusted to yield a sample height of 78mm. Samples were 

compacted in 6 alternating cycles that were of 25 seconds duration each. To ensure 

uniform compaction and hence height of sample, the compaction mould was rotated 180 

degrees after every cycle to yield 3 alternate cycles applied on each of the two 

(a) (b) 

(c) (d) 

Figure 3-1: Laboratory Samples Preparation Procedure. [(a): Reheating of Premixed Hot Mix, 

(b): Weighing of the Hot Material, (c): Compacting in a Mould Using an A VC, 


(d): Compacted Samples Left to Cool on a Flat Surface]. 
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orientations of the sample being compacted. Once compacted, samples were then placed 

to cool on a rigid flat surface to maintain their shape and not get distorted. Figure 3-1 

illustrates the stages for sample preparation. 

After determining the total number of samples needed for each mix type for the 

entire study, the complete set of samples were fabricated before the start of testing. This 

was done to ensure consistency in the preparation of the samples. Once the samples 

cooled, they were stored on a flat clean surface and covered to prevent dust collection on 

their surface until they were ready to be tested. 

3.2 TESTING OF AIR VOIDS 

Percent air voids was assumed not to play a significant role in this study. 

Nevertheless, targeted percent air voids of the samples was kept to approximately 5% in 

order to maintain consistency between samples and to ensure that this assumption was 

not a factor in the interpretation of results. 

Percent air voids was determined in accordance to ASTM D3203-94 [ASTM 

International, 1994] and AASHTO T 269. A complete set of the procedural instructions is 

found in Appendix B. 
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CHAPTER 4 


EFFECT OF HYDRATED LIME AMOUNT ON THE 

SURFACE TEMPERATURE OF HMA PAVEMENT 


This chapter describes the placement of hydrated lime on the surface of hot mix 

asphalt (HMA), and its impact on surface temperature. Once different lime 

concentrations were assessed for their effect on the surface temperature reduction, an 

optimum level was selected. Laboratory results were supported by in-situ test 

measurements on surfaces that were tested using the same strategies developed in the 

laboratory. 

4.1 LABORATORY TESTING 

The effect of adding hydrated lime to HMA mixes has been found to be positive 

in improving their mechanical properties, specifically reducing stripping susceptibility of 

moisture susceptible mixes. Considerable attention has been given to issues related to 

impact of lime on the mechanical properties of hot mix asphalt mixtures, but not much 

attention has been given to its impact on the thermal behaviour of asphalt concrete, which 

strongly influences the mechanical properties of HMA. 

Asphalt mixes are usually black, and therefore blackbody absorption is important. 

HMA mixtures absorb a large amount of radiation by the sun and surroundings, as well as 
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radiate stored energy, particularly at night. HMA mechanical properties are strongly 

influenced by the temperature of the pavement surface, as a result, high temperatures, as 

will be discussed later in the thesis, strongly influence the rutting resistance of HMA 

mixes, their stiffness, as well as other mechanical properties. Hydrated lime, which is 

considered to be a suitable treatment that is chemically compatible with AC, was used to 

lighten the surface of the SP12.5FC2 PG64-28 pavement to help reduce the radiation 

absorption and the surface temperature. Different amounts of hydrated lime; namely 20g, 

35g, 50g, 70g, 100g, 125g and 150g per m2 of pavement surface area, were applied to the 

surface to assess the influence of lime coverage rate. The objective was to determine an 

optimum hydrated lime amount that maximizes the influence on temperature reduction 

without wasting material. 

4.1.1 Sample Preparation 

The optimum hydrated lime amount to be placed on the surface of the pavement 

was not known a priori, and therefore, had to be determined as a first step in the study. 

Given the small surface area of the samples to be modified, which was less than one 

square meter, it was possible to tightly control the amount of hydrated lime applied to the 

surface. The hydrated lime amounts, in powder form, were weighed using a digital scale. 

Thereafter the required amount of material was spread on the surface of the pavement 

samples using a brush to guarantee uniformity and homogeneity. As shown in Figure 4-1, 

only a portion of the surface was modified with hydrated lime to avoid loss of material 
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along the edges of the sample and hence produce inaccurate results, which could have 

occurred if the surface had been completely modified. To ensure the exact coverage, the 

modified area was 'fenced' with masking tape before spreading the lime and once the 

modification was completed, the tape was removed and finishing 'compaction' was 

performed using the semi-rubber roller (Figure 4-1) built for this study. The intent of the 

semi-rubber painting roller was to force the lime to penetrate a few millimeters into the 

pavement. To prevent the hydrated lime from sticking to the roller and hence alter the 

hydrated lime surface concentration, the roller was covered with smooth scotch tape prior 

to compaction. The laboratory compaction was performed to simulate what happens in 

(a) (b) 

Figure 4-1: Placement of Hydrated Lime on the Surface of an HMA Pavement Sample. 

[(a): Hydrated Lime on Sample Surface after Confining Area with Masking Tape, 

(b): Compacting Lime with Semi-Rubber Roller after Removal of Masking Tape]. 
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the field during construction. On site, hydrated lime should be spread on the surface after 

the initial rolling of the pavement. Once this is done, the finishing rubber wheel roller 

would make the final compaction, forcing the hydrated lime into the pavement for better 

hydrated lime-AC contact and hence better performance. 

Once a sample was ready, it was placed in the centre of a group of similar prisms 

and made part of a larger pavement grid as shown in Figure 4-2. Due to the ease of losing 

hydrated lime with a light summer wind, only the center sample was carefully prepared 

inside the laboratory. The remaining uncovered portion of the sample being tested as well 

as the surrounding samples were then covered by roughly the same hydrated lime surface 

concentration to minimize the impact that the adjacent unmodified prisms would have on 

Sample being tested 
(Center) 

Center area of sample 
(Carefully modified) 

Figure 4-2: Large Patch/Pavement Grid As is Encountered In-Situ. 
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the test specimen. In other words, the objective was to have the test specimen in the 

middle of a larger test area. 

4.1.2 Testing Apparatus: The FLIR Infrared Camera 

Thermal energy, which is sometimes referred to as infrared energy, is the 

electromagnetic energy that cannot be detected by a human eye due to its long 

wavelength. It is also that part of the electromagnetic spectrum that we perceive via heat 

transfer. Everything with a temperature above absolute zero emits heat, which means that 

it may be tracked and measured via thermography. 

Thermography is known as the technique of detecting and measuring the thermal 

energy emitted from an object. Infrared cameras, which translate the invisible infrared 

spectrum into thermal images that are seen and tracked via thermography, are highly 

advanced tools capable of performing such a task. As the temperature of an object 

increases, more infrared radiation is emitted, which can be detected by an infrared camera 

such as the FLIR ThermaCAM shown in Figure 4-3. This camera was used for measuring 

the HMA surface temperatures in this study. 

To measure the temperature of a certain point on an object, the window cursor is 

placed on that point. Once the user is satisfied, the image is recorded and saved for 

reporting purposes. In addition to the actual hardware, the FLIR infrared camera is 
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Figure 4-3: Left: FUR Thermacam Infrared Camera, Right: Example Infrared Thermal Image. 

accompanied by a Quickview software, which allows the user to read the temperature 

anywhere on the image using the cursor once the image is saved and transferred to a 

computer and used for further analysis. The camera ~as used during both laboratory and 

field testing. 

4.1.3 Testing Procedures 

As mentioned previously, the sample being tested was placed in the middle of a 

grid of prisms that had similar surface conditions, mix design and air voids. The lime­

modified area was made large enough to reduce the edge effect due to adjacent black 

surface. Dry sand was placed along the outside perimeter of the pavement grid and made 

level with the pavement surface to reduce the amount of heat transfer between the 

pavement and the ambient air along the edges. Not only along the sides, but a 25mm 
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thick dry sand layer representing a subgrade was also placed under the pavement grid to 

simulate field conditions. 

Referring to Figure 4-1, the surface temperature readings were taken at the center 

in order to capture most representative results. The test setup was placed outside in the 

sun and surface temperature readings using the FLIR infrared camera were normally 

taken every 15 minutes for the first 1.5 hours and then every half an hour for the 

remainder of the test, which usually ended shortly after the temperature of the black 

surface reached its peak value. Although extreme care was taken to prepare the surface 

that was monitored over time, readings of adjacent surfaces, which were covered with 

similar levels of hydrated lime, were found to be the same as those observed on the 

sample being monitored. 

4.1.4 Results 

Testing took place at a parking lot outside JEGEL, which is located in Toronto. 

To avoid the impact of weather fluctuations from coming into play, the different hydrated 

lime concentrations were all assessed during the same day on May 29th, 2006, which was 

a brightly sunny day with a clear sky. 

Evaluating the effect of the different hydrated lime amounts was a lengthy 

process, requiring continuous measurement for a period of approximately 7 hours. Once 
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the entire set of different hydrated lime concentrations was evaluated, the results were 


organized and plotted in Figures 4-4, 4-5 and 4-6. 
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Figure 4-4: Effect of Hydrated Lime Amount on Surface 
Temperature of HMA Laboratory Pavement with Time. 
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4.1.5 Discussion 

As shown in Figure 4-4, the more lime that is applied to the surface, the lower the 

surface temperature, as one might expect. This is due to making the surface lighter and 

thus decreasing the energy absorption property. One, however, also observes that there is 

an upper limit, above which relatively little change in temperature occurs, regardless of 

the extra lime placed on the surface; see Figures 4-5 and 4-6. That is to say, increasing 

the hydrated lime concentration above 100g/m2 did not substantially further reduce the 

surface temperature. Therefore, placing additional lime on the surface could be 

considered excessive from an economic and environmental point of view. 

When compared to unmodified newly paved asphalt, and referring to Figures 4-4, 

4-5 and 4-6, 100g/m2 of hydrated lime maybe considered to be an optimal choice with a 

peak temperature reduction from 64.2 to 51.2°C during a summertime air temperature of 

34.3°C, which in our case occurred six hours after starting the test. This is a reduction of 

13 celsius degrees (°C). This reduction, as mentioned before, is at peak temperatures but 

according to Figure 4-5, the maximum temperature difference using 100g/m2 of hydrated 

lime was approximately l4°C. Even though the use of 125 and 150g/m2 of hydrated lime 

during peak temperatures caused further reductions of 0.6 and 1.0°C, respectively, the 

marginal decrease in temperature would likely not contribute to sufficient improvement 

in performance to justify the additional hydrated lime added. 
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Referring to Figure 4-5, and specifically for the cases of 20g and 35g/rn2 hydrated 

lime, the temperature difference shown by the curves decreased for the first hour and then 

started to increase again. The unexpected decrease is relatively small in magnitude, and 

maybe explained by the variation in the accuracy and sensitivity of the thermocouples 

used, and the possibility that some of the lime escaped with wind. 

The black body of asphalt pavements has a negative impact on the pavement 

performance during the summer, due to the high pavement temperatures. On the other 

hand, the black surface of the pavement is considered to be beneficial during Canadian 

icy winter conditions. Although beyond the scope of this study, the impact of modifying 

the surface temperature of pavements should be addressed during winter conditions. 

4.2 FIELD TESTING 

Field testing at a site with newly placed pavement was performed to confirm that 

the laboratory surface temperature measurements represent what is observed in the field. 

The in-situ testing site was located at the South-West comer of Erin Mills Parkway and 

Dundas Street in Mississauga, Ontario. The tests performed in the field were the same as 

those performed in the parking lot at the laboratory. To reduce the number of variables 

corning into the analysis, the in-situ hot mix asphalt pavement, being SP12.5FC2 PG64­

28, was of the same design as that used in the laboratory. 
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4.2.1 Site Preparation 

Once the new pavement was laid down and before traffic was allowed to drive on 

it, a test area, shown in Figure 4-7, was reserved and delineated for this study. The test 

patches were chosen to be 700mm x 800mm to ensure that representative results could be 

obtained. Four areas, as shown in Figure 4-7, were allocated for testing. The control area 

was black with the second, third, and fourth areas, shown in Figure 4-8, being surface-

Figure 4-7: Field Testing Setup 

Figure 4-8: Field Surface Modified Pavement with 50, 100 and 
l50g/m2 of Hydrated Lime [From Left to Right]. 
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modified with 50g/m2
, 100g/m2 and 150g/m2 concentrations of hydrated lime, 

respectively. Similar to the procedure adopted in the laboratory, the hydrated lime 

amounts were weighed using a digital scale. The material was then spread on the surface 

of the pavement using a brush, after which the laboratory hand-made rubber wheel paint 

roller was used to compact the lime and force it to penetrate a couple of millimeters into 

the pavement structure. Due to the fact that traffic could not be blocked for a long time, 

only three representative hydrated lime concentrations per surface area were applied to 

the pavement surface for later comparison with laboratory results. 

4.2.2 Testing Setup and Procedures 

Being located on an incline, there was a chance of drainage water flowing onto 

the test areas during a rainfall. Therefore besides covering the entire setup with a tarp 

during the night, the test areas were surrounded with silicon to prevent any water leakage 

onto the patches, which could affect the lime coverage. Testing was carried out during a 

clear sunny day in August to assure quality results. Surface temperatures were recorded 

using the FLIR infrared camera shown in Figure 4-3. Measurements were generally taken 

and recorded every 15 minutes for the first 1.5 hours and then every half an hour for the 

remainder of the test, which usually ended shortly after the temperature of the black 

surface reached its peak value. The surface temperature readings were taken at the center 

of the test areas in order to provide representative results and minimize the influence of 

edge effects. 
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4.2.3 Results 

Being in an area of high traffic volume, the tests were all completed in one day. 

The test duration was approximately 5 hours during a summer day, which was at a 

maximum ambient air temperature of 36.6°C. The different lime concentrations were all 

assessed together for their influence to avoid weather variations that might have occurred 

had each patch been tested separately. Once the testing was completed, the results were 

organized and plotted, as summarized in Figure 4-9. 

4.2.4 Discussion 

As shown in Figure 4-9, the reduction in the surface temperature of the asphalt 

pavement increases with an increase in the amount of hydrated lime placed on the 

surface. As observed previously, surface temperature increases during the course of the 

day. Unlike the controlled case in the laboratory, one observes a greater temperature 

difference between surfaces covered with 100 and 150 g/m2
, respectively. In the 

laboratory setting, the maximum temperature difference between the above-mentioned 

lime concentrations was 2 celsius degrees whereas in the field, the difference is 4 degrees 

as seen in Figure 4-9. This maybe due to a small amount of lime that escaped while 

spreading it on the surface of the pavement, which was modified with 1 00g/m2
• This did 

not happen at the laboratory due to the fact that the surface of the sample to be tested was 

carefully modified inside the laboratory before it was taken out and placed at the center 
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of the pavement grid. The temperature difference could also be due to the differences in 

environmental conditions such as the amount of air blowing across the surface. 
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Figure 4-9: Effect of Hydrated Lime Amount on Surface 

Temperature of Field HMA Pavement. 


It should be noted that the air temperature recorded during laboratory testing was 34.3°C, 

whereas during in-situ testing, it was 36.6°C. Taking into account the above-mentioned 

possible contributors to the error encountered and in spite of the in-situ results, it was still 

felt that 100g/m2 of hydrated lime was an optimum application level. 
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As shown in Figure 4-10, which relates the surface temperature reductions from 

the laboratory and field site settings with each point corresponding to a specific black 
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Figure 4-10: Relationship between Laboratory and Field Site Surface Temperature Reduction for 
100g/m2 of Hydrated Lime Dosage 

body temperature, it is evident that there is a strong linear correlation between the two 

sets of readings (i.e. R2 =0.988). This means that one can further assess the influence of 

100g/m2 of hydrated lime on the surface of the pavement in a laboratory environment 

over a broad range of conditions without the need for further field site verification of 

results. 
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4.3 	 METHOD OF ADDING HYDRATED LIME TO THE SURFACE OF HMA 
PAVEMENTS 

Although construction procedures are not part of this thesis, it is worth 

mentioning the method of placing hydrated lime on the surface of an in-situ pavement. 

In practice, hydrated lime should be uniformly spread at the specified amount per 

surface area of asphalt pavement using a suitably equipped truck, similar to that shown in 

Figure 4-11. It should not be spread under windy conditions to prevent excessive dusting. 

The equipment often used for the application of hydrated lime includes self-unloading 

bulk tanker trucks, which are most efficient for transporting and spreading of hydrated 

Figure 4-11: Dry Hydrated Lime Application with Mechanical Spreader. 
[National Lime Association, May 2004] 
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lime because no rehandling is involved once the hydrated lime is placed into the tanker. 

Unloading of hydrated lime is conducted pneumatically or by one or more integral screw 

conveyors. Spreading, on the other hand, is accomplished by a mechanical spreader 

attached to the rear, or through metal downspouts or flexible rubber boots extending from 

each conveyor or air line. 

If live bottom trailers are used, the bodies should be enclosed to prevent dusting 

during transit to the job and during spreading. Spreading from live bottom trailers should 

be conducted by means of a mechanical spreader attached to the rear. Tailgate spreading 

of hydrated lime and leveling with a grader are not recommended [National Lime 

Association, September 2003]. 
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CHAPTER 5 

EFFECT OF HYDRATED LIME ON THE TEMPERATURE 
PROFILE OF HMA PAVEMENT 

This chapter describes the impact of hydrated lime on the temperature profile 

once the lime is placed on the surface of hot mix asphalt (HMA). Laboratory results were 

supported by in-situ test measurements on surfaces that were tested using the same 

strategies developed in the laboratory. 

5.1 LABORATORY TESTING 

The surface of an HMA mix is continuously in direct contact with the ambient air, 

and therefore has a tendency of experiencing either a temperature reduction or increase. 

Due to thermal equilibrium, the hotter objects tend to lose heat to the colder objects to 

create a balance. Equilibrium not only takes place between objects, but also within an 

object itself. A reduction in surface temperature of HMA mix would cause heat to move 

from within the structure to the surface to restore the temperature balance. Consequently, 

surface modification of HMA mixtures with hydrated lime not only affects the surface 

temperature but also affects the temperature within the pavement. The effect of placing 

hydrated lime on the surface of HMA mixes was found to reduce the surface temperature 

of pavement, which is expected to improve the mechanical properties of the asphalt 

concrete and its performance. 
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As indicated in Chapter 4, the optimum amount of hydrated lime was found to be 

approximately 100g/m2
• Given this surface dosage, the next step was to evaluate the 

temperature reduction with depth, and therefore generate a temperature profile within the 

SP12.5FC2 PG64-28 pavement as a result of this surface modification. 

5.1.1 Sample Preparation 

The fine-gauge temperature measuring device, the Butt-welded unsheathed micro-

temperature thermocouples from Omega Canada shown in Figure 5-l, was chosen to 

measure the temperature profile of the SP12.5 FC2 PG64-28 pavement structure. This 

device, which is 0.25mm (0.010 inch) in diameter and 305mm (12 inches) long, consists 

of two metal wires; one made of constantan1 whereas the other copper. Both wires are 

connected together at their tips by welding. The welded tip is where the measurement 

takes place at the time of contact. Both wires of each thermocouple were insulated prior 

to installing them into the specimens to avoid contact at a point other than the tip where 

temperature was to be measured. Being fine gauged, it was possible to insert the wires 

into 3 .2mm ( 1/8") in diameter fine drilled openings in the pavement, which made it 

possible to minimize the amount of heat loss. Samples were drilled from the side, 

halfway through the width (125mm), which corresponded to roughly 62.5mm, as shown 

1 Constantan is an alloy usually consisting of 55% of copper and 45% of nickel (Cu55Ni45 ). It has high 
electrical resistance and a very low temperature coefficient [Wikipedia, 2007]. 
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in Figure 5-2 (b). The reason for placing the thermocouples centrally along the width of 

the samples was to ensure that representative body measurements of temperature could be 

Figure 5-1: Butt-Welded Unsheathed Micro-Temperature Thermocouple 
[Omega Canada, 2002]. 
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Figure 5-2: Illustration of Thermocouples Configuration on a 
Laboratory Prepared Sample. 
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made in the area that was modified with hydrated lime as described in the "Sample 

Preparation" Section of Chapter 4. 

To reduce the number of factors coming into the analysis, the sample used for 

assessing the effect of 100g/m2 of hydrated lime on the surface temperature was also used 

for determining the temperature profile. Before drilling, samples were placed in a freezer 

for 2 hours in order to bring down the pavement temperature to 4 °C, which was 

necessary to reduce the possibility of pulling the AC and separating it from the 

aggregates while drilling. Four thermocouples were placed at various pre-selected 

distances measured down from the top surface of the specimen. Figure 5-2 shows the 

target depths and the configuration in accordance to the Long-Term Performance 

Program (LTPP) guidelines. The guidelines suggest that the thermocouples are not to be 

inserted above one another along a vertical line, which implies that a lateral spacing 

forming a V -shape pattern was kept between the thermocouples. Staggering the 

thermocouples reduced the effect that each thermocouple had on its neighbours. 

According to LTPP, a lateral spacing of 20-30mm is recommended. The lateral spacing 

between the thermocouples chosen for this study was an average of 25mm measured 

centre to centre. 

Vertical heat transfer through the pavement is not one-dimensional, but rather 

two-dimensional. This is to say, not only does the heat move vertically, it also flows 
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Sample to be tested 

Figure 5-3: Laboratory Sample Being Prepared for Temperature Profile Testing. 

horizontally. As a result, those areas of the surface not modified with hydrated lime, can 

act as a heat sink contributing to horizontal flow of heat. In order to reduce this effect on 

measurements and obtain more reliable readings, the Fme-modified area was made large 

enough ( 450 x 550mm2
) using a number of samples to form a pavement grid as shown in 

Figure 5-4. The sample being tested was placed at the centre of the grid. 

5.1.2 Testing Procedures 

Once the sample being tested was placed at the centre of the pavement grid, 

thermocouples were passed through the surrounding samples and placed tightly into the 

sample located at the centre. Besides being more representative of field conditions, the 

surrounding samples were covered with approximately the same dosage of hydrated lime 
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Sample being tested (Center) 

Figure S-4: Temperature Profile Laboratory Testing Apparatus. 

to reduce the potential for horizontal heat transfer. The test setup was placed outside 

under sunlight and temperature readings using a 12-channel data logger were generally 

taken every 15 minutes for the first 1.5 hours and then every half an hour for the 

remainder of the test, which usually ended shortly after the temperature of the black 

surface reached its peak value, similar to the procedure adapted in Chapter 4. 

5.1.3 Results 

Pavement temperature profiles, corresponding to peak surface temperature at 6 

hours, were obtained for the case of no lime on a new pavement, which acted as a control 

for comparison reasons, and secondly for the case in which 100g/m2 of hydrated lime was 

applied to the surface. Test results corresponding to the two cases are shown in Figure 
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5-5 with the measurements made with respect to time are summarized in Appendix C. It 

is clearly observed that a temperature reduction occurs over the entire 78mm sample 

depth. It should be noted that typical pavements have thicknesses varying from 150 to 

200mm. As a result, 78mm would correspond to the upper zone of asphalt concrete~ i.e. 

within the surface course. 
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Figure 5-5: Peak Temperature Profiles of Laboratory Pavement That is Surface-Modified 
with Hydrated Lime at 0 and 100g/m2 Concentrations. 

5.1.4 Discussion 

HMA mechanical properties are strongly influenced by temperature. There is a 

tendency for the rutting resistance of HMA mixes and their stiffness to decrease as 

temperature increases, as indicated previous! y. Hydrated lime was used to lighten the 
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surface colour of the pavement to help increase the albedo, which in tum reduces the 

surface temperature and hence enhances the pavement's performance. 

As explained earlier, an increase in the amount of hydrated lime applied to the 

HMA surface increased the reflectivity, thus lowering the temperature both at the surface 

and also with depth. Since an optimum amount of hydrated lime modification of the 

pavement surface was found to be approximately 100g/m2
, comparisons of temperature 

profiles were only carried out for specimens having this dosage and the control. Referring 

to Figure 5-5, the general trend, as one might expect, is for temperature to decrease as 

one moves away from the surface and deeper into the asphalt layer. It is clearly shown 

that the maximum temperature, which occurred at the surface, decreased from roughly 

64.0 to 51.0°C, corresponding to hot summertime temperature conditions. The reduction 

in temperature was seen to be the maximum on the surface and to decrease as one moves 

deeper into the pavement. It should be noted that deeper in the asphalt layer, the 

temperature may not have reached steady-state conditions. 

5.2 FIELD TESTING 

To determine how representative laboratory specimens are with regard to 

modeling in-situ conditions, parallel field testing was performed following the same 

techniques developed in the laboratory. To reduce the effect of factors coming into the 
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analysis, the field hot mix asphalt pavement, being SP12.5FC2 PG64-28, was of the same 

design as that used for the laboratory testing. 

5.2.1 Site Preparation 

As mentioned in Chapter 4, four 700mm x 800mm patches located at the South 

West comer of Erin Mills Parkway and Dundas Street in Mississauga, Ontario, were 

allocated for testing. Similar to Chapter 4, comparisons are made only between the 

control and the surface covered by 100g/m2 of hydrated lime to evaluate its influence on 

the temperature profile besides the control dosage. 

As for the laboratory-prepared specimens, both profile and surface temperature 

readings were taken at approximate! y the centers of the test areas in order to yield 

representative results. In the field, temperature profile testing thermocouples were 

however located at depths different than those corresponding to the laboratory samples, 

the reason being that the samples in the laboratory were 78mm thick whereas the field 

surface course was only 50mm thick. To obtain readings representing a broad range of 

depths, the thermocouples in-situ were located at lOmm and 30mm from the surface, as 

shown in Figure 5-6. According to LTPP, a V-shape staggering of thermocouples is 

suggested, therefore a 1 OOmm staggering was implemented to ensure accurate readings 

and minimize the influence of readings on one another. 
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Figure 5-6: Illustration of Thermocouples Configuration for 

Field Pavement. 


Thermocouples were inserted from the side of the laboratory specimens, whereas 

in the field, they had to be inserted vertically from the top, as shown in Figures 5-6 and 5­

7, since the pavement had already been placed before arriving on site. In addition, the 

thermocouples would not have been at the correct depth and could have been damaged 

had they been placed before compaction and during construction. 
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To install the thermocouples, a drill bit of the same size as that used in the 

laboratory was used to drill holes from the surface and vertically downwards. The 

objective was to drill a hole that would be tight around the thermocouples once they are 

installed into the pavement in order to reduce heat transfer losses. To further reduce 

losses, the holes were blocked with non-heat conductive silicon once the thermocouples 

have been installed. 

Figure 5-7: Thermocouples Placed into Black Unmodified and 100g/m2 


Hydrated Lime Surface-Modified Field Pavement. 


5.2.2 Testing Procedures 

To be able to correlate laboratory and in-situ test results, the procedures and 

equipment adopted for the laboratory testing were also used in the field. Once the testing 

setup was ready, temperature readings using the a 12-channel data logger were generally 

taken every 15 minutes for the first 1.5 hours and then every half an hour for the 
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remainder of the test, which usually ended shortly after the temperature of the black 

surface reached its peak value. 

5.2.3 Results 

To assess the correlation between laboratory and in-situ temperature profile 

results, the in-situ temperature profiles were also obtained for the case of no lime, which 

acted as a control for comparison reasons, and secondly for the case in which 100g/m2 of 

Pavement Temperature (0 C) 
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Figure S-8: Peak Temperature Profiles of Field Site Pavement That is Surface-Modified 
with Hydrated Lime at 0 and 100g/m2 Concentrations. 
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hydrated lime was applied to the surface. Test results corresponding to the two hydrated 

lime concentrations were plotted as shown in Figure 5-8 with the measurements made 

with respect to time are summarized in Appendix C 

5.2.4 Discussion 

The general trend in Figure 5-8 indicates that the temperature decreases with 

depth, as one might expect. Through the depth, not including the surface, the reduction is 

seen to be fairly consistent given that the two curves follow approximately the same trend 

but are only shifted. Readings at the two depths were not necessarily taken during steady 

state conditions; instead, they were taken at peak surface temperature, which occurred at 

approximately 4.5 hours after the start of the test, as shown in Figure 4-8. In addition, 

increased surface temperature requires some time before influencing the temperature 

measured at deeper points in the pavement structure. 

To assess the correlation and closeness between laboratory and field results, the 

temperature reduction magnitudes corresponding to each hydrated lime amount added 

were compared. Figure 5-9 relates the temperature profiles of field and laboratory 

pavements at corresponding depths, ranging between 10 and 30mm, measured from the 

surface of the pavement for hydrated lime application amounts of 0 and 100g/m2
• As 

shown in Figure 5-9, it is evident that there is a strong correlation (i.e. R2 =0.99) of the 

best fit line connecting the points. This means that one can further assess the influence of 
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1 00g/m2 of hydrated lime on the temperature profile of the pavement in a laboratory 

environment without the need for further field site verification of results. 

Even though no thermocouples were placed at depths of 10mm or 30mm in the 

laboratory prepared samples, the curves of Figure 5-5 were used to interpolate the 

temperature readings corresponding to the above two depths. The average temperature 

reduction difference between in-situ and laboratory pavements is observed to be 3.78°C. 

Despite the difference in temperatures, there is still a strong correlation indicated by a 

high correlation coefficient value seen in Figure 5-9. This difference is mainly due the 

variation in temperature conditions between the time of in-situ and laboratory testing, and 

the possibility of field dosage changes due to wind. In addition, laboratory thermocouples 

were installed differently when compared to those installed at the field. This 3.78°C 

difference may reflect the fact that the thermocouples had been installed differently and 

the conditions at the surface being different. For further comparison, the curves shown in 

Figures 5-5 and 5-8 were used to approximate temperature reductions at depths between 

0 and 30mm, and the results proving the correlation are shown in Figure 5-9. 

The general trend indicates that the difference between field site and laboratory 

temperature reduction due to the addition of hydrated lime is the smallest on the surface, 

and increases as one moves down deeper into the pavement structure. This is because the 

surface temperature is primarily controlled by the sunlight, which is the main source of 
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Figure 5-9: Field Site versus Laboratory Temperature Profile Reduction. 

heat, therefore any change in weather conditions is directly reflected on the surface 

temperature difference. On the other hand, the temperature at the bottom of the pavement 

layer is influenced by not only the temperature profile of the pavement structure affected 

by the sunlight, but also the temperature of the soil beneath it. 
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CHAPTER 6 


MECHANICAL PROPERTIES OF STUDY HMA MIXES 


The temperature reduction due to the surface modification of HMA mixtures with 

hydrated lime was investigated in Chapter 4. This Chapter discusses the enhancement in 

the performance of hot mix asphalt (HMA) mixes due to temperature reductions with 

respect to their mechanical properties. The mechanical properties studied include: 

~ Fatigue Resistance; 

~ Rutting Resistance; 

~ Resilient Modulus; and 

~ Effective Surface Modulus. 

6.1 EQUIPMENT AND PROCEDURES 

6.1.1 Nottingham Asphalt Tester (NAT) 

High stiffness and good fatigue resistance are required for an asphalt layer to 

perform well. The most economical way to determine these parameters is to measure 

them in the laboratory, more specifically by using a Nottingham Asphalt Tester (NAT), 

which is capable of testing asphalt concrete under controlled stress, strain, and 

temperature conditions. 
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The NAT has become a common piece of equipment to evaluate asphalt concrete 

whether in commercial laboratories, universities, oil companies, regional laboratories and 

contracting and engineering consulting firms worldwide. It has been shown that NAT test 

results correlate well with those of other test methods such as the bending beam and 

wheel tracking [Thorn, 2006]. The NAT, shown in Figure 6-1, provides an inexpensive 

and user-friendly means of measuring and assessing the mechanical properties of 

asphaltic paving materials on a routine basis. The NAT consists of a loading frame 

Figure 6-1: The Nottingham Asphalt Tester (NAT) 

64 




M.A.Sc. Thesis- I. Abu-Halimeh McMaster University - Civil Engineering 

mounted in a temperature controlled cabinet, with a temperature range of -10°C to 

+50°C. A pneumatic system supplies compressed air to apply a range of loads up to 4.3 

kN, which is measured with a load cell whereas deformations are measured using LVDTs 

(Linear Variable Differential Transducers), with temperature measured via 

thermocouples. It is designed to derive the maximum information about a material using 

either cores cut from the road or laboratory prepared specimens. Applications of the NAT 

include its use in the mix design process, quality control, end-product specification, the 

assessment of raw materials, failure investigations, and in pavement assessments. 

The NAT can be used to carry out a range of tests including the Repeated Load 

Indirect Tensile Test (RLIT) to measure the resilient modulus of an HMA mix, Static and 

Dynamic Creep Test, Repeated Load Indirect Fatigue Test (RLIF AT) to measure the 

fatigue resistance of an HMA mix, and Vacuum Triaxial Test. The NAT can also be used 

to measure other mechanistic properties of asphaltic material such as its resistance to 

permanent deformation and the material's Poisson's Ratio. 

6.1.1.1 Resilient Modulus Testing 

Of particular interest to flexible pavement designers is the resilient 

modulus (Mr), which is defined as: 
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M 
r 
=~ 	 [6-1] 

~>resil 

where: 	 crd =Repeated axial deviator stress, 
~>resil = Recoverable resilient strain. 

Resilient modulus Mr, which is required for static analysis of pavement structures, 

was determined by the Repeated Load Indirect Tensile Test (RLIT), which is a non­

destructive test that indirectly measures the resilient modulus of laboratory specimens or 

thin HMA cores taken from the road. Experience has shown that the stiffness measured 

with the NAT, via the RLIT test, correlates well with results of the three-point bending 

test. RLIT is a function of load, deformation, specimen dimensions and assumed 

Poisson's ratio. If desired, the RLIT control software allows the operator to select a target 

horizontal deformation (usually 5.0 microns) instead of peak load level for measuring the 

Specimens prepared for this study, which were lOOmm (4") in diameter and 30 to 

60mm thick, were obtained by coring specimens prepared from samples that were used 

for the reflective properties study (see Figure 6-2). Once cored, the samples were washed 

and dried with a cloth to remove all of the dust collected during coring. Thereafter, they 

were placed outside the NAT all night to drain excess water that resulted from washing. 

Samples were subsequently placed in the NAT chamber the following day at the target 
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testing temperature for a period of 24 hours prior to resilient modulus testing. Although 

the NAT dashboard gauge measures the chamber temperature, a thermocouple was also 

inserted into the center of a demo sample, having similar dimensions and composition to 

the tested specimen, and monitored with a thermometer placed outside the NAT chamber 

to ensure that the sample temperature was also at the target testing temperature. 

Figure 6-2: Coring of HMA Samples. 

The specimens made for testing in the NAT were examined, and the thickness and 

diameter of each briquette were measured at different locations on the specimen a,nd an 

average thickness and diameter were inserted into the software as an input. Thereafter, 

the Repeated Load Indirect Tensile Testing (RUT) was performed at 10°C, 20°C, and 

30°C ± 0.5°C. The resilient modulus was determined by measuring the resulting 
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horizontal deformation that results from applying a vertical pulse load through the 

diameter of a cylindrical specimen; seen in Figure 6-3. For each test, five conditioning 

pulses were applied to enable the equipment to adjust the load to the requested horizontal 

diametral deformation (about 5 11m at each of the three testing temperatures). Five load 

Figure 6-3: 

Resilient Modulus Testing Setup, Inside the NAT. 


pulses were then applied, with the peak load, peak horizontal diametral deformation and 

risetime measured for each pulse. The Poisson's ratio was assumed to be 0.25 at l0°C, 

0.35 at 20°C, and 0.45 at 30°C, as recommended in the Draft for Development 

DD213:1993 for the British Standard Institute and in the ASTM D4123-82 [ASTM 

International, 1994]. 
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6.1.1.2 Fatigue Resistance Testing 

The results of the Repeated Load Indirect Fatigue Test (RLIFAT), which is 

carried out on circular specimens, correlate well with those obtained via the two-point 

bending test that is carried out on trapezoidal specimens [Irwin and Gallaway, 1973]. The 

RLIF AT was used in this study to rank mixes in order of their fatigue resistance. 

RLIFAT, which is carried out at selected strain levels, may also be used for mix design, 

failure investigation, pavement evaluation and assessment of new materials. 

In the Repeated Load Indirect Fatigue Test, the specimens were subjected 

to repeated load pulses, corresponding to strains of 150, 225, and 300 microstrains, until 

failure occurred. The corresponding tensile stresses required to carry out the tests were 

estimated from stress analysis represented by Equation 6-2. These in tum were inserted as 

an input into the NAT system prior to the start of the testing in order for the NAT to 

apply the correct load, which would result in the target testing strain value. 

EMr 2P 
cr=--=-	 [6-2] 

1+ 3v ndt 

where: 	 E = Average horizontal tensile strain 
(J = Tensile stress at the centre of the specimen (kPa) 
v =Poisson's ratio 
Mr = Indirect tensile resilient modulus (MPa) 
d =Specimen diameter (mm) 
t =Specimen thickness (mm) 
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Due to the non-destmctive nature of the RUT test discussed previously, the 

samples used to measure the resilient modulus of the different HMA mixes were re-used 

to measure the fatigue life of the mixes. Once the sample being tested was ready, its 

diameter and thickness were measured at different locations on the specimen and an 

average diameter and thickness were inserted into the software as input. Before the start 

p 

p 

(a) (b) 

Figure 6-4: (a): Fatigue Resistance Testing Setup, Inside the NAT, (b): Illustration of 
Specimen Failure in Fatigue. 
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of the test, which was carried out at a temperature of 20°C ± 0.5°C and a target rise time 

of 120 milliseconds, 5 conditioning pulses were applied to condition the specimen 

correctly inside the chamber. The test was then started and the specimen was loaded with 

pulses until failure, which by definition occurred when a vertical crack developed along 

the entire diameter of the specimen, as shown in Figure 6-4. 

6.1.2 Light Weight Deflectometer (LWD) 

Layer moduli are primary inputs to mechanistic pavement design procedures that 

analyze long-term pavement performance. The Light Weight Deflectometer (LWD), a 

product of Dynatest International, is a light, portable device that measures the stiffness of 

construction layers including subgrades, base/subbase courses, and pavements. The 

LWD, which is an upgrade of the PrimalOO PFWD (Portable Falling Weight 

Deflectometer), was used for this study to determine the in-situ effective surface moduli 

of newly constructed pavements. 

The LWD, shown in Figure 6-5, operates on the same principles as the Falling 

Weight Deflectometer (FWD), shown in Figure 6-6, but it is small enough to be easily 

moved and operated by one person. The L WD creates a non-destructive wave through the 

soil or any compacted layer as a result of the impact of a falling mass ( 10, 15, or 20 kg) 
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Results. 
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Deflections Measured with Three 
Sensors. 

[Dynatest, 2006] 
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from a variable drop height (10 to 850mm) onto a 100, 200, or 300mm diameter loading 

plate that rests on the surface being tested. The L WD uses two types of sensors; a load 

cell for measuring the impact force from the falling weight, and one to three geophones, 

shown in Figure 6-5, for tracking the deflection with respect to time via a computerized 

data acquisition system. This test allows the engineer to back-calculate the effective 

surface modulus of HMA using the measured deflections and the impact load. 

Figure 6-6: Falling Weight Deflectometer (FWD) [Dynatest, 2006]. 

Field tests were performed on newly laid site, which consisted of HMA that 

corresponded to the same material that was tested in the laboratory. A small area on a 

road, which is located at the South West comer of Erin Mills Parkway and Dundas Street 

in Mississauga, Ontario, was used for testing. A fairly uniform flat 700 x 800mm2 area in 
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the middle of the traffic lane, but along the side as shown in Figure 6-7, was marked and 

used for testing. Tests were carried out at three temperatures on the same day in order to 

see how the effective surface modulus, as evaluated from system response, changes with 

temperature. Following the L WD user manual, a large magnitude of pressure was used to 

ensure that good results could be obtained. In order to maximize the applied pressure, the 

smallest plate radius was chosen (150mm) together with the largest load (20kg). 

Figure 6-7: Section of the Traffic Lane Marked for Testing (Prior to Paving). 

Corresponding to each temperature, four load applications were applied to the 

pavement surface. For further analysis, the testing temperature was measured using a 

surface temperature measuring device. The first drop of a set was a "seating" load to 

ensure that the LWD load plate was firmly sitting on the pavement surface. The 
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following three loads were applied at heights of 127mm (5 inch), 432mm (17 inch) and 

686mm (27 inch), respectively. Once the impact load and deflection measurements were 

made by the L WD, the saved results were transferred to a PC for further analysis using 

L WD-mod software, which was specifically developed to analyze data obtained using the 

Light Weight Deflectometer (LWD). 

The L WD test results were interpreted using "Maximum Normalized Deflection" 

and "Back Calculation of Pavement Layer Moduli" methodologies [Miller and Dhillon, 

2003]. Maximum Normalized Deflection is measured in the center of the load plate, and 

is a good indicator of the overall pavement strength. The deflection at this location is a 

function of the pavement layer stiffness as well as the support capacity of the subgrade. 

Because deflection is a function of load and because of slight variations in measured load 

at different testing points and in the homogeneity of the pavement structure, the loading 

applications were all made at exactly the same point and with the same L WD orientation. 

6.1.3 Asphalt Pavement Analyzer (APA) 

Urban roadway pavement rutting, particularly at signalized intersections, is of 

concern and a challenge for those responsible for municipal pavement infrastructure. 

Agencies have, in recent years, been proactive in trying new strategies for dealing with 

mitigating this problem. These strategies include the placement of premium hot mix 

asphalt (HMA) surfacing materials, making use of polymer modified or high performance 
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grade asphalt binder, stone matrix asphalt (SMA), Superpave mix types, and the use of 

sulfur extended asphalt modifier. Cities such as Calgary and Lethbridge have recently 

placed various types of pavement surfacing materials with the objective of assessing 

performance under in-service conditions. The limited experience with these types of hot 

mix asphalt materials to date has, however, contributed to using known and proven 

technologies, rather than the ones that first require proper assessment with regard to their 

performance. The Asphalt Pavement Analyzer (APA) has been shown to be a useful tool 

for the assessment of the permanent deformation (rutting) resistance of HMA materials 

[Uzarowski and Emery, 2000]. 

The APA has a thermostatically controlled testing chamber designed to test the 

rutting susceptibility of asphalt aggregate mixtures by applying repetitive linear loads to 

compacted test specimens through three pressurized hoses via wheels, as shown in Figure 

6-8. It can maintain the test temperature and condition its chamber at any set-point 

between 4° and 72°C, is capable of independently applying loads up to 0.55 kN at a test 

hose pressure of 827.4 kPa (120 psi) and is capable of simultaneously testing 6 

cylindrical or 3 beam samples. 

Rut resistance testing was performed in accordance to the AASHTO TP 63-03 

guidelines. Tests were carried out using the originally prepared 300 x 125 x 780mm 
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(Length, Width, Height) rectangular beams described in Chapter 3. Following the APA 

procedural instructions, specimens are to be preheated in the APA test chamber or a 

Figure 6-8: Left: The Asphalt Pavement Analyzer (APA), Right: Testing Setup & Running Test 

Illustration. 


separate calibrated oven for a minimum of six hours, but are not to be held at elevated 

temperatures (i.e. greater than the testing temperature) for more than 24 hours prior to 

testing to reduce asphalt cement age hardening. The preheating procedure adopted in this 
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study was modified in order to allow for the heat loss while setting up the samples in the 

APA and getting them ready for testing. This was accomplished by quickly heating 

Figure 6-9: Preheating of AP A Testing 

Specimens Using a Curing Lamp. 


the surface using a vehicle paint curing lamp, shown in Figure 6-9, until the surface 

reached a temperature soc higher than the testing temperature corresponding to the APA 

chamber. 

Using the APA, the rutting susceptibility of the different HMA mixtures was 

evaluated by subjecting HMA samples to a "moving wheel load" and mea~uring 

permanent deformation at selected points along the wheel path as a function of the 

number of loading cycles. A pressurized rubber hose was placed between the moving 

wheel and the HMA sample to approximately simulate traffic loading through tires on a 
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field pavement. Two rectangular beam samples of the same mix were subjected to 8000 

cycles each for higher accuracy of results. 

6.2 SUMMARY OF RESULTS 

Table 6-1 summanzes the resilient modulus results obtained for the different 

HMA mixes. The mixes in the table are organized in order of their sensitivity to 

temperature. One observes that the rate of the resilient modulus reduction of the 

SP12.5FC2PG64-28 mix is the highest with increasing temperature, whereas the rate of 

reduction for the SMA mix is the lowest. 

Table 6-2 summarizes the rutting results as well as the fatigue life obtained for the 

different HMA mixes. The mixes in the table are organized in order of their sensitivity to 

temperature. One observes that the increase in the rate of rutting with increasing 

temperature is the lowest for SMA mix, whereas the rate for the SP12.5FC2PG64-28 mix 

is the highest. 
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6.3 RESILIENT MODULUS TESTING 

The stiffness of asphalt concrete, which is an essential property for analyzing 

pavement response to traffic loading, is important in determining how stresses and strains 

are distributed, which in tum influences how well a pavement performs. High stiffness is 

a good performance characteristic but care must be taken due to the potentially low 

fatigue resistance of highly stiff HMA mixtures. Stiffness of HMA mixtures depends 

highly on the temperature (T) of the pavement, and hence the ambient temperature. This 

section examines and assesses the effect of temperature on the resilient modulus of the 

different HMA mixtures described in Chapter 2. 

Tests conducted on asphaltic concrete, using the RLIT resilient modulus test 

method, have confirmed temperature to be a major parameter affecting resilient modulus. 

The Mr - T relationship for a particular mix depends on the asphalt cement content and 

stiffness, aggregate gradation and actual aggregate employed. In addition, aging of the 

asphalt cement plays a key role in this Mr- T relationship [Shell Bitumen, 1990]. 

6.3.1 Factors Mfecting Resilient Modulus 

The resilient modulus test is widely used. Nevertheless, there are many factors 

affecting the resilient modulus of asphalt concrete whether measured using the Repeated 

Load Indirect Tensile (RLIT) test in the NAT or using the two-point bending beam test. 
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Although Mr is a material property, specimen geometry (thickness and diameter) is an 

important factor affecting its measured value. The smaller size specimens tend to have a 

higher resilient modulus than larger ones [Saleh and Ji, 2004]. Mix variables such as the 

stiffness of the asphalt cement, the AC content of the mix, the percent of air voids (i.e. 

density), the nature and gradation of the aggregates, the age of the mix and the particle 

characteristics such as its angularity are significant factors that influence the resilient 

modulus of asphalt mixtures. The aggregate gradation is a significant factor as the coarser 

gradation tends to increase the resilient modulus when compared to the fine gradation. 

The interactions between specimen geometry and aggregate size and the compaction 

method also play important roles. The larger size specimens tend to be less sensitive to 

the compaction method and the aggregate gradation when compared to the smaller size 

specimens. The duration of vertical or deviatoric stress/strain application is another 

significant factor affecting the resilient modulus due to the visco-elastic nature of 

bituminous material. Loading time and resilient modulus are inversely proportional; i.e., 

the shorter the load duration, the higher the resilient modulus and vice versa. Testing 

temperature, as will later be shown in Figures 6-10 and 6-13, plays a very important role 

in the determination of the resilient modulus of HMA mixes. 

Loading variables such as the loading magnitude, rate, frequency, the rest periods 

between applications, and the confining stress levels are considered secondary factors 

affecting the resilient modulus of asphalt mixtures [Saleh and Ji, 2004]. 
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6.3.2 Results and Discussion 

Asphalt mixes are visco-elastic. In other words, their mechanical properties 

depend not only on the temperature at which the load is applied but also on the rate of 

loading. The complexity of the problem is increased by the heterogeneity of the mix 

components. The asphalt binder is the component responsible for the visco-plastic 

properties whereas the mineral skeleton influences the elastic and strength properties of 

an HMA mix. The great diversity in the nature of the components and the mix 

compositions makes experimental testing the most suitable way of estimating HMA 

properties, such as the resilient modulus. 

Once the tests were completed, a plot for each mix, representing its laboratory 

resilient modulus versus the temperature that the mix was tested at, was generated. The 

curves shown in Figure 6-10 represent the lines of best fit of the data points 

corresponding to different temperatures. As expected, Mr decreases with increasing 

temperature. 

Referring to Figure 6-10, the resilient modulus is seen to be the greatest for the 

SP19 and the least for the SMA mixtures, which is attributed to the SMA being the 

richest in terms of Asphalt Cement (AC) content when compared to the rest of the HMA 

mixtures studied, whereas the SP19 is the least rich. One observes that the resilient 

modulus of the SP12.5 FC2 PG64-28 is higher than that of the same mix containing a 
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PG70-28 performance grade asphalt cement. This is mainly due to the polymer 

modification present in the PG70-28 AC of the SP12.5 FC2 PG70-28, which makes it 

more flexible and therefore resistant to fatigue at low temperatures, for instance. 

Assuming that the rate of Mr reduction remains constant as temperature increases, and 

making use of the average rates of resilient modulus reduction with increased 

temperature, one observes that through extrapolation and for pavement temperatures 

greater than 40°C, the previously-mentioned trends start to change. The SMA becomes 

the stiffest, whereas the SP12.5FC2 PG64-28 becomes the least stiff. This is because the 
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Figure 6-10: Effect of Temperature on Resilient Modulus of HMA Mixes. 
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average rate of resilient modulus reduction, represented by the average slopes of the lines 

in Figure 6-10, is the lowest for the SMA and the highest for the SP12.5FC2 PG64-28 

mixture. At high temperatures, the polymer modification of the asphalt binder used in the 

non-modified case; i.e. SP12.5FC2 PG70-28, starts to be effective, making the asphalt 

binder stiffer, which in tum makes the mix stiffer when compared to the SP12.5FC2 

PG64-28. Reduced temperature sensitivity is desirable for a mix to perform well with 

respect to rutting, for instance. 

The reduction in Mr with increasing T is a linear relation as shown by the lines of 

best fit drawn in Figure 6-10. One finds that at room temperature, a 10°C decrease in 

temperature increases the resilient modulus by 21%, 19%, 18% and 14% for 

SP12.5FC2PG64-28, SP19, SP12.5FC2PG70-28 and SMA, respectively. These increases 

in the resilient modulus were determined using the rate of increase of resilient modulus 

with decreased temperature. Assuming that similar trends hold at higher temperatures, a 

reduction in the pavement surface temperature through surface modification via hydrated 

lime coating would be expected to increase the asphalt binder stiffness, increasing the 

stiffness of the asphalt concrete. 

6.4 EFFECTIVE SURFACE MODULUS FROM LWD TESTING 

Nondestructive test (NDT) methods are widely used to evaluate the layer 

stiffnesses of pavements, which in tum can be used to estimate structural capacity. NDT 
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methods are preferable over time-consuming and costly destructive methods. The 

structural capacity of pavement is significantly influenced by the modulus of the hot mix 

asphalt (HMA) layer, which is a function of temperature that varies diurnally and 

seasonally. 

Detailed pavement field evaluation, particularly the stiffness modulus, should 

supplement determining laboratory-measured mechanistic properties, since it is important 

that the values used in further analysis and overlay design are those corresponding to in­

situ conditions, and take into account the model used for analysis. The purpose of this 

section is to evaluate the effect of temperature on the effective surface/stiffness modulus 

of HMA that is placed in-situ. The HMA studied on site is similar in mix design to the 

asphalt studied in the laboratory. 

6.4.1 Analysis of Results 

Back-calculation is a process by which the pavement deflections measured with 

the L WD at a given load are used to determine the stiffness modulus of the pavement. 

Back-calculation of pavement stiffness modulus was performed using LWDmod analysis 

software shown in Figure 6-11. The software models the pavement system as a rigid plate 

supported by a dense foundation. In general, back calculation uses analytical pavement 

response models to predict deflections based on a set of given layer thicknesses and 

modulus values. Given pavement thicknesses, the response models identify, via an 
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iterative process, the pavement stiffness modulus that produces deflections that are 

similar to those measured in the field. Once the analysis is over, the software displays the 

revised set of deflections, which are then used to yield a pavement stiffness modulus of 

the HMA mix being tested. 

Point s Show Graphs: File Settings Seeds 

Figure 6-11: LWD-mod Analysis Window. 
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Before proceeding with the analysis and depending on the pavement temperature 

at the time of testing, the Poisson's ratio (v) is required as an input. The Poisson's ratio 

for the testing temperature was obtained from the v-T graph shown in Figure 6-12, which 

was produced, as a result of a research completed at McMaster University in the 1970's, 

for a conventional HL-3 surface mix that is similar in mix design to the SP12.5FC2 

PG64-28 surface course tested in the field. It was assumed that the minor differences in 

the mix designs do not strongly influence v and therefore, the relationship between 

dynamic v and temperature of HL-3 is assumed to apply to the SP12.5 FC2 PG64-28 

used for this study. 
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At the start of an analysis, the user must assume an initial estimate for the 

effective pavement modulus. L WDMod uses the assumed modulus in addition to the 

layer thickness to start up an iteration procedure in order to find the set of modular values 

that best fit the measured deflection bowl. These are then printed as the calculated results 

in the "Results" frame. The iteration procedure is sometimes sensitive to the start up 

values and therefore it is best to allow the user to enter these values as the first estimate 

as if he/she knows the actual pavement modulus better than the software. Equations, 

developed by Boussinesq and Odemark, are manipulated to estimate the modulus from 

the load and deflection measurements taken directly under the LWD plate. 

6.4.2 Results and Discussion 

Once the analysis of the results of testing the in-situ SP12.5 FC2 PG64-28 

pavement at three different temperatures was completed, a plot representing the field 

stiffness modulus versus the testing surface temperature was generated, as shown in 

Figure 6-13. This plot clearly indicates that a linear relation exists between the effective 

surface modulus Es and temperature T. 

The effective surface modulus values estimated from field results were 

subsequently compared with resilient modulus values determined in the laboratory. As 

shown in Figure 6-14, which relates the effective LWD modulus and the elastic NAT 

resilient modulus, a close linear correlation exists between the two, which implies that if 
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the resilient modulus of an asphalt concrete mix decreases due to temperature increases, 

the L WD effective modulus is also expected to decrease. 
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Figure 6-13: In-Situ Effective Surface/Stiffness Modulus versus Surface Temperature. 

In general, the L WD test provides a modulus that is different from that obtained 

in a laboratory setting using the NAT, for instance. This variability is primarily due to the 

difference in the nature of the method of measurements using the two equipments as well 

as the difference in testing conditions. The NAT provides a boundary-valued estimate of 

resilient modulus of a relatively uniform sample under well-defined loading configuration 
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and temperature conditions. On the other hand, the L WD provides an estimate of the 

effective modulus E from the response of a non-uniform layered system via a composite 

behaviour of the entire pavement system comprised of the surface course, the 

base/subbase, and the subgrade. This variability would also, in part, be a result of the 

"hidden" joints and cracks below the overlay surface. Referring back to Chapter 2, the 

asphalt used in the laboratory had an AC content of 4.6% whereas the field asphalt mix 

had an AC content of 5.2%. This would cause the laboratory results to be higher at low 

temperatures and the field pavement to be less stiff. 
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of The SP12.5FC2 PG64-28 HMA Mix. 
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6.4.3 Effect of Hydrated Lime on Elastic Modulus of HMA Mixes 

According to Chapter 4 and assuming reasonable reliability of the data obtained in 

field and laboratory settings, the addition of 100g/m2 of hydrated lime on the surface of 

the SP12.5FC2 PG64-28 pavement reduced the surface temperature by approximately 

14°C. The ambient temperature while carrying out the in-situ tests was 36.4 °C, which 

corresponded to a surface temperature of 60.2°C, shown in Figure 5-8. The above­

mentioned dosage of hydrated lime therefore reduced the surface temperature of the 

SP12.5FC2 PG64-28 pavement mix to 46.2°C. Using the curve shown in Figure 6-13 

corresponding to in-situ testing of the SP12.5FC2 PG64-28, the reduction in surface 

temperature from 60.2°C to 46.2°C would increase the effective surface modulus from 

1898.1MPa to 3244.2MPa. 

6.5 FATIGUE RESISTANCE TESTING 

It is well known that pavement surfaces crack over time. They also rut and 

deteriorate in various other ways. Nevertheless, the principal mode of damage is 

cracking. It is clear that roads do not crack immediately after the traffic starts but damage 

accumulates over time due to the many millions of load applications from truck tires and 

temperature cycles. In other words, road pavements whether asphalt or concrete, undergo 

fatigue failure. HMA fatigue resistance is directly related to the stiffness of the mix. An 

increase in the elastic stiffness of a pavement structure improves the load spreading 
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ability, thus reducing the peak compressive stress transmitted to the subgrade. On the 

other hand, the fatigue resistance can be affected negatively. The purpose of this section 

is to report the findings with respect to the fatigue resistance ability of the different HMA 

mixtures involved in this study. 

6.5.1 Results and Discussion 

Layers of a flexible pavement structure are subjected to continuous flexing under 

traffic loading. The magnitude of the strains depends on the overall stiffness and nature 

of the pavement construction; i.e., the layering. Figure 6-15 shows the fatigue life 

characteristics of the bituminous mixes of this study. In interpreting the data, it was 

assumed that Equation 6-3 applies [Irwin and Gallaway, 1973]: 

[6-3] 


where: 	 Nf =Number of load applications to initiate a fatigue crack, 
St = Maximum value of applied tensile strain, 
candm =Factors depending on the composition and the properties 

of the mix; m is the slope of the strain-fatigue life 
line. 

HMA fatigue cracking is directly related to the asphalt binder content and 

stiffness of the concrete. Higher AC contents result in a mix that has a greater tendency 
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to be more ductile rather than fracture in a brittle fashion under repeated load. The 

optimum asphalt binder content as determined by mix design should be high enough to 

minimize fatigue cracking. In addition, the use of an asphalt binder with a lower stiffness 

increases the mixture's fatigue life by providing greater flexibility. However, the 

potential for rutting must also be considered in the selection of an asphalt binder to 

prevent excessive permanent deformations; i.e., asphalt binders with low stiffness tend to 

have low rutting resistance. The tendency of fatigue not only depends on the AC content 

and stiffness of the mixture, but also on the relationship between structural layer 

thickness and loading. 

Fatigue tests were performed by applying repetitive loads to a specimen and 

determining the number of load pulse applications required to induce failure of the 

specimen. Failure was defined as the point at which the load required to maintain a 

constant level of strain falls down to 50% of its initial value and not where the sample 

literally fails; i.e., a functional failure [Irwin and Gallaway, 1973]. Even though samples 

being tested, as shown in Figure 6-4, failed at the end of the test, their fatigue life was 

measured according to the above-mentioned criteria relating the initial strain to the failure 

strain level. The data shown in Figure 6-15 represent best fit lines of the data points 

collected during the tests for different strain values. 

Based on the above discussion and referring to Figure 6-15, fatigue resistance of 
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the SMA was the greatest whereas the SP19 asphalt concrete was the least resistant, 

which is attributed to SMA mixes being the richest in Asphalt Content (AC) and 

therefore the least stiff, whereas the SP19 asphalt concrete was found to be the stiffest 
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Figure 6-15: NAT fatigue endurance testing of HMA mixes. 

due to having the least AC content. Polymer modification of SP12.5FC2 PG70-28 is 

more active at high temperatures than at low temperatures, therefore, one would expect 

the fatigue resistance of SP12.5FC2 PG70-28 be higher than SP12.5FC2 PG64-28 but 

relatively close. Referring to Figure 6-15, the measurements corresponding to SP12.5FC2 

PG70-28 are scattered more than for measurements corresponding to SP12.5FC2 
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PG64-28, which suggests the presence of an outlier between the three measurements in 

addition to the possibility of experimental error. This explains the reason behind the fact 

that lines of best fit corresponding to the two mixes are on top of one another. As one 

might expect, the fatigue life of SP12.5FC2 PG70-28 is a little less than that of SMA, 

whereas the fatigue life of an SP12.5FC2 PG64-28 mix is a little higher than that of an 

SP19.0 mix. 

Three fatigue tests were performed for each mix. From Figure 6-15, one observes 

that there are slight variations in the values of m, which is represented by the average 

slope of the fatigue life lines shown in the figure. For group 1 represented by SMA and 

SP19 mixes, m =5.20x10-3
, whereas for group 2 represented by SP12.5FC2 at both PG 

grades (i.e. PG64-28 and PG70-28), m = 5.43x10-3
. The trends shown in the figure 

indicate that the fatigue life of group 2 is more sensitive to initial strain values than group 

1 mixes. Despite the slight variation in sensitivity between the different mixes, the shift in 

the fatigue resistance line of best fit between mixes is more significant than the slope of 

the actual lines. 

Results obtained indicate that a 75 microstrains reduction in the testing strain 

from 300 to 225 microstrains results in a change in the number of pulses needed to fail 

the sample being tested. This reduction in testing strain caused the number of pulses 

needed to fail mixes to be factored up by 3.5 on average. 
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6.6 RUT RESISTANCE TESTING 

Permanent deformation is characterized by a pavement surface cross section that 

has permanently changed in shape and is no longer in its designed position. It represents 

an accumulation of small amounts of non-recoverable deformations that occur each time 

a load is applied. The most common form of permanent deformation, referred to as 

rutting, occurs along the wheel paths. There are two main mechanisms that are 

responsible for rutting. 

Firstly, rutting is caused by the lack of strength of the subgrade, subbase, and 

base, to withstand the large repeated stress being applied to them. For this case, the 

deformation occurs in the underlying layers rather than in the asphalt layers. It is 

normally considered a structural problem rather than a material problem. Stiffer paving 

materials partially reduce this type of rutting. However, there is often not enough 

pavement strength or thickness to reduce the applied stress to a tolerable level. It may 

also be caused or aggravated by a pavement layer that has been unexpectedly weakened 

by the intrusion of moisture [Tarefder, Zaman, Hobson and Toney, 2002]. 

Secondly, the inability of the pavement surface course to resist the traffic load­

induced shear stresses at the surface is another potential cause of rutting that is of most 

concern to asphalt mix designers. A weak mixture accumulates small permanent 

deformations with each truck pass and consequently forms a rut characterized by a 
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downward and lateral movement (shoving) of the mixture. Although rutting may occur in 

the asphalt surface course, one of its causes can be the weakness of the underlying asphalt 

course, which is also referred to as the binder course. 

Rutting of unstable mixes typically occurs during the summer under high 

pavement temperatures. While this might suggest that rutting is solely an asphalt cement 

problem, it is more correct to address rutting by considering the combined resistance of 

the mineral aggregate and asphalt cement; i.e., rutting is a permanent deformation of the 

aggregate skeleton due to repeated loading. It is related to insufficient viscosity of the 

asphalt binder at higher temperatures and lack of stability of the aggregate skeleton. 

6.6.1 Factors Influencing Rutting 

Hot Mix Asphalt pavements are exposed to daily traffic loading and temperature 

fluctuations throughout the year from one season to another. HMA pavements being 

subjected to these conditions often experience rutting by progressive movement of 

material under repeated loads. High-pressure truck tires and increased wheel loads are 

primary causes of increased rutting. 

Previously conducted studies evaluated the relative weights of rutting parameters 

based on the rutting performance of HMA. These studies used an Asphalt Pavement 

Analyzer (APA) and showed that factors such as the binder Performance Grade (PG) and 
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the test temperature affect the HMA mixture's rutting performance significantly. In 

general, a HMA produced from a modified binder shows less rutting compared to the 

HMA produced from unmodified binders. Other factors such as the APA wheel load and 

hose pressure, and AC content of an asphalt mix were found to have less affect on the 

rutting performance of the HMA. 

As temperature increases, HMA stiffness decreases and therefore, its potential to 

rut increases. This is attributed to the dependence of the stiffness of HMA on the 

rheological behaviour of asphalt binder used in the HMA mix, which in turn depends on 

the temperature. Beside temperature, other environmental factors, such as moisture, 

influence HMA mixture's rut potential. Moisture weakens the bond between asphalt 

cement and the aggregates and therefore produces a loss of strength. The gradual loss of 

strength over a period of time can contribute to the development of lateral flow of HMA 

materials. As a result, the loss of cohesion due to moisture-induced damage in HMA 

accelerates the rate of rutting. 

6.6.2 Results 

In order to study the rutting of HMA at different temperatures, specimens were 

tested at four temperatures. Three mix designs were studied (SP12.5FC2, SP19, and 

SMA) to compare their susceptibility to rutting. The effect of asphalt cement 

Performance Grade (PG) was another variable that was considered. The PG effect was 
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assessed by testing mix SP12.5FC2 with two different binders, one unmodified (PG 64­

28) and the other modified (PG 70-28). The unmodified binder was produced from crude 

oil having a high level of asphaltness and is known as base asphalt. The modified binder, 

on the other hand, typically contains 3-6% styrene-butadiene-styrene (SBS) polymer with 

base asphalt. 

One of the testing temperatures was selected to be 64 °C, which is considered to 

be the maximum temperature of HMA pavements in Ontario during the summer. In order 

to cover a reasonable range of temperatures encountered during summer conditions, other 

testing temperatures considered were 52°C, 58°C, and 70°C. Each APA rut test was 

conducted using 8000 cycles with 445N (100 lb) wheel load and 690 kPa (100 psi) hose 

pressure, which is assumed to approximate the total load intensity expected in the design 

life of the pavement. Even though the aim of the study was to monitor the final 

permanent deformation of each mix at the end of the 8000 testing cycles for each testing 

temperature, the rutting history was recorded for all tests, and for all testing temperatures. 

The rutting history for various asphalt concretes, tested at 70°C, is shown in Figure 6-16 

with the histories corresponding to the other testing temperatures are summarized in 

Appendix C. 

Once testing of the samples was completed, the results were stored in an excel file 

for further data analysis. Figure 6-17 summarizes the rutting deflections of the different 
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HMA mixes that were tested. Each point on the graph represents an average rutting depth 

of the depths observed from testing 2 samples at the same temperature. 
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Figure 6-16: Rutting History of HMA Mixes at 70°C. 
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Figure 6-18: 
HMA Sample Tested for Rut 
Resistance. 

6.6.3 Discussion 

The performance of urban pavements is often governed by the rutting of asphalt 

concrete specifically at intersections, bus bays, and routes with considerable tluck and 
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bus traffic, particularly slow moving and standing traffic, which yields higher sustained 

stress/strain conditions. This distress consequently reduces the service life of the 

pavement and induces higher operating, maintenance, and rehabilitation costs, as well as 

safety, which is a concern. Rutting therefore, which is of concern during hot weather, 

must be dealt with through appropriate asphalt technology and proper construction 

techniques [Dunn and Donovan, 2004]. 

The rut resistance of an asphalt concrete pavement is influenced by both 

aggregate and binder properties. Binder stiffness, which is a function of binder properties, 

time of loading and temperature, can be related to mix rutting resistance. 

To determine the resistance of a bituminous mix to permanent deformation, the 

low stiffness response of the material at high temperatures or long loading conditions 

must be analyzed. When the stiffness of the mix is less than 5x106 Pa, the mix behaviour 

is much more complex than it is in the "elastic" range. Under these conditions, the 

stiffness of the mix not only depends on that of the bitumen and the volume of 

aggregates, but also other factors including the aggregate grading, its shape, texture and 

degree of interlocking, and the method and degree of compaction [Vallerga, Tayebali and 

Monismith, 1995]. 
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The curves in Figure 6-16, represent the rutting trends of the different mixes for 

up to 8000 cycles at 70°C, with Figure 6-17 summarizing the final permanent 

deformations experienced at the end of the tests. Average rutting rates were calculated to 

quantify the resistance of mixes to rutting in terms of the number of cycles required to 

cause a unit deformation. The corresponding results are summarized in Table 6-3. In 

general, it is evident that the resistance of the mixes to rutting decreases with an increase 

in temperature. In other words, the number of cycles required to cause a single millimeter 

of deformation tends to decrease as the temperature increases. On average, the rutting 

rate of the mixes studied decreases at temperatures greater than 64 °C, which is attributed 

to the fact that as the mixes deform, they become denser and stiffer, and therefore higher 

load is required to cause further deformations. As shown in Table 6-4 and referring back 

to Figure 6-10, one observes that an SMA mix is the slowest in losing its stiffness with 

increasing temperature, whereas an SP12.5FC2 PG64-28 mix is the fastest. Considering 

the mixes studies, one can therefore conclude that SMA mixes are the most resistant to 

rutting whereas SP12.5FC2 PG64-28 mixtures are the least. On the other hand, the curves 

of the SP19.0 and SP12.5FC2 PG70-28 mixtures lie between the two extremes as shown 

in Figure 6-17. 

A binder's performance grade was also found to be an important factor that 

influences rutting. In general, an HMA produced from a higher PG binder appears to 

undergo less rutting when compared to an HMA produced from lower PG binders. 
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Table 6-3: Relationship between Rutting Rates and Testing Temperature of 

Different HMA Mixes. 


SP12.5 FC2 PG64-28 2000 
1429 
1429 

SP12.5 FC2 PG70-28 

SP19.0 

52 

SMA 
58 10000 
64 10000 
70 10000 

As shown in Table 6-4, the SP12.5FC2 mixes have similar AC contents but with two 

different PG grades; namely PG64-28 and PG70-28. 

Due to the difference in asphalt cement PG grades, the rate at which SP12._5FC2 

PG64-28 loses its stiffness with increasing temperature is higher than that of SP12.5FC2 

PG70-28 mixtures. This is consistent with the observation that SP12.5FC2 PG70-28 

mixes show higher rutting resistance than SP12.5FC2 PG64-28 mixes by deforming less 

with increasing temperature, as shown in Figure 6-17. 
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Table 6-4: Stiffness Rate of Change with Temperature for Different 

HMAMixes. 


SP12.5FC2PG64-28 4.7 !55 

SP 12.5FC2PG70-28 4.6 114 

SPI9.0 4.5 151 

SMA 5.8 72 

6.6.4 Effect of Hydrated Lime on Rutting Resistance of HMA Mixes 

Since rutting is an accumulation of very small permanent deformations, one way 

to increase mixture shear strength is to use a stiffer asphalt cement, which is less ductile 

at high pavement temperatures. This is assuming that asphalt concrete mixes with higher 

shear strength are expected to behave more elastically and experience less permanent 

deformations. Then, when a load is applied, the asphalt cement will act like a rubber band 

and spring back to its original position rather than deforming permanently. Another way 

to increase the HMA shear strength is by selecting an aggregate that has a high degree of 

internal friction; i.e., one that is cubical, has a rough surface texture, and is graded to 

develop particle-to-particle contact. When a load is applied to the mix, the aggregate 

particles lock tightly together and function more as a large, single, elastic stone. As with 
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the asphalt cement, the aggregate acts like a rubber band and springs back to its original 

shape when unloaded. In that way, no permanent deformation accumulates. 

According to Chapter 4, the ambient temperature while carrying out the in-situ 

tests was 36.4°C, which corresponded to a surface temperature of 60.2°C, as shown in 

Figure 5-8. As per Chapter 4 and assuming that the data collected is reasonably reliable, 

modifying the HMA surface with 100g/m2 of hydrated lime reduces the surface 

temperature to 46.2°C, which is an approximate reduction of 14°C. Using the curve 

shown in Figure 6-17 and corresponding to the SP12.5FC2 PG64-28 mix, the reduction 

in surface temperature from 60.2°C to 46.2°C would increase the rutting resistance by 

observing a reduction in the permanent deformation from 5.4 to 2.3 millimeters. 
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CHAPTER 7 

REAL WORLD APPLICATIONS OF HMA SURFACE MODIFICATION 

This study provides a laboratorial as well as an in-situ assessment of the influence 

of placing hydrated lime on the surface of HMA mixes. The purpose of the field testing 

was to confirm that the effect of the surface modification observed in the laboratory and 

field site are similar. Using the KENLAYER software [Huang, 2004], this chapter 

evaluates the surface modification effect on the response of HMA pavement-subgrade 

system subjected to a truck load on the surface. It is shown that once hydrated lime is 

placed on the surface of the HMA pavement, the temperature reduction throughout the 

pavement structure strongly influences the critical stresses and strains by reducing their 

magnitudes within the pavement. 

7.1 PROCEDURE 

The study reported in this thesis was carried out during the summertime. To 

coincide with what has been done throughout the study, two cases were considered. One 

case was with no lime applied to the surface of a new pavement, which acted as control 

for comparison, whereas the second included the application of 1 00g/m2 of hydrated lime 

to the surface of the new pavement. To analyze a relatively wide range of temperatures, 
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three summertime target air temperatures were considered with respect to the stress-strain 

analysis. The average cool, intermediate, and hot ambient temperatures considered were 

23.3°C, 30.4°C, and 36.4°C, respectively. Corresponding to these ambient temperatures, 

LTPPBind software Version 3.1 was used to obtain black pavement surface temperatures 

as well as the temperature distribution with depth [FHWA, 2006]. The corresponding 

average black pavement temperatures obtained were 44.6, 51.0, and 64.2°C, respectively. 

The temperature distributions are summarized in Table 7-1. 

According to the results presented in Chapter 4, the pavement surface 

modification influences the energy absorptivity of the pavement at the surface as well as 

the temperature variation with depth, as one might expect. However, the magnitude of the 

influence varies depending on the reflective properties of the surface. Figure 4-4, which 

shows the effect of different hydrated lime concentrations on the surface temperature of 

pavement, together with the three previously mentioned temperatures were used to 

generate three new pavement temperatures as a result of the surface modification. The 

surface modified average pavement temperatures were 33.3, 37.6, and 51.2°C, 

respectively. Corresponding to these three pavement temperatures, temperature profiles 

of HMA layer containing PG64-28 asphalt cement, presented in Figure 7-1, were 

obtained using the LTPPBind software. 
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As previously mentioned, the analysis was performed on black as well as surface 

modified pavement. When comparing the LTPPBind and study temperature readings for 

the two scenarios at corresponding depths, as shown in Table 7-2, the two sets are 

relatively close. This suggests that the profiles predicted by LTPPBind maybe used to 

describe temperature variations for the problem addressed in this thesis. For consistency 

between various temperature sets and due to the fact that only one set of study readings is 

available, readings obtained from LTPPBind were used for the analysis. 

The default pavement thickness adopted in LTPPBind is 200mm and therefore, 

the pavement analyzed was of the same thickness, as shown in Figure 7-1. The HMA 

layer was subdivided into 5 layers in order to properly capture the temperature influences 
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Figure 7-1: KENLA YER Sample Analysis Window. 
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on the resilient modulus and Poisson's ratio per sub-layer. Given the variation in 

temperature, each layer was assigned a different resilient modulus and Poisson's ratio in 

accordance to Figures 6-10 and 6-12, respectively. The HMA was supported by a 

granular base, subbase, and subgrade with each having an average in-situ thickness and 

resilient modulus shown in Table 7-1. The above sets of input, summarized in Table 7-1, 

were entered into the KENLA YER spreadsheet in addition to a 20kN load per tire, which 

corresponded to the standard 80kN axle loading. The dual tires were spaced at 32cm 

center-to-center with a contact radius of 15cm. Analyses were completed for six cases 

corresponding to the different pavement temperatures, yielding stresses, strains, and 

vertical deflections at pre-selected depths. 

For convenience of analysis in practice, HMA is usually not subdivided into 

smaller layers. Instead, it is considered as one layer. Therefore, the analyses were also 

completed using average temperatures in HMA and hence average resilient modulus and 

Poisson's ratio. Analyses with average values were completed to measure the sensitivity 

of temperature distribution on the performance parameters of HMA. The analysis 

structure was based on the input sets presented in Table 7-3. 

Referring to Figure 7-1, the stresses and strains were predicted directly under the 

response point, which was chosen to be exactly in the center between the two dual tires 

shown in the figure (the two circles represent the contact radius of the dual tires). It 
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Table 7-1: Actual 

+ 
r.IJ . ...-.. 

"' = ~ ~ !!:a __ ... ' 

~~ 
~ ~ ' ... ­==1-i ~· "0

< ==· ~ 
HMA 

5385 .8, 
0.376 

2 HMA 4289.2, 6034.5 , 
0.382 0.364 

3 HMA 4683.0, 6428.3, 
0.382 0.353 

4 HMA 4961.0, 6706.3, 
0.381 0.344

23 .3 
5130.9, 6876.2, 

5 HMA 200 33 .5 5130.9 0.380 
0.380 

22.2 6876.2 0.337 
0.337 

6 Base 350 0.35 
350, 

350 0.35 
350, 

0.35 0.35 

7 Subbase 250 0.35 
250, 

250 0.35 
250, 

0.35 0.35 

8 Sub grade 40 0.35 
40, 

40 0.35 
40, 

0.35 0.35 

HMA 2652.0, 472 1.6, 
0.352 0.382 

2 HMA 3300.7, 5370.3, 
0.369 0.377 

3 HMA 3694.5, 5764.2, 
0.376 0.370 

4 HMA 3972.6, 6042.2, 

30.4 
0.380 0.364 

5 HMA 200 39.9 4 142.4 0.38 1 
4 142.4, 

26.5 6212.1 0.359 
62 12. 1, 

0.381 0.359 

6 Base 350 0.35 
350, 

350 0.35 
350, 

0.35 0.35 

7 Subbase 250 0.35 
250, 

250 0.35 
250, 

0.35 0.35 

8 Sub grade 40 0.35 
40, 

40 0.35 
40, 

0.35 0.35 

HMA 613.3, 262 1.1 , 
0.252 0.35 1 

2 HMA 1262.0, 3269.8, 
0.292 0.369 

3 HMA 1655.8, 3663.7, 
0.3 12 0.376 

4 HMA 1933.8, 394 1.7, 

36.4 
0.325 0.379 

5 HMA 200 53. 1 2 103.7 0.332 
2 103.7, 

40.1 4 11 1.6 0.38 1 
41 11.6, 

0.332 0.381 

6 Base 350 0.35 
350, 

350 0.35 
350, 

0.35 0.35 

7 Subbase 250 0.35 
250, 

250 0.35 
250, 

0.35 0.35 

8 Sub grade 40 0.35 
40, 

40 0.35 
40, 

0.35 0.35 

Readings from Figure 6-1 0, Readings from Figure 6-1 2, Readings from Figure 4-4. 
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should be noted that the vertical stress was found to be the highest directly under the tire 

and close to the surface of the HMA structure. However, when measured close to the 

surface of an HMA layer, the vertical stress was not affected by the modification of the 

surface with hydrated lime. At depths greater than lOOmm, analysis confirmed that the 

vertical stress is the highest between the two dual tires. 

Table 7-2: Comparison between LTPPBind and Study Profile Temperatures 
for Different Hydrated Lime Concentrations (During hot summer day). 

36.4 

*Measured from surface. 


Table 7-3: Average Input Sets Corresponding To Different Summer Day Temperatures. 
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Even though horizontal strains close to the surface of the HMA layer maybe 

critical with regard to top-down cracking, the analysis was aimed toward those at the 

bottom of the layer, which are more critical when trying to mitigate fatigue and bottom-

up cracking. 

In addition to predicting the vertical stresses and strains at various depths as a 

result of the surface modification of the HMA pavement surface, damage analyses were 

also completed for the six different cases corresponding to the different pavement 

temperatures. The analyses included the prediction of the maximum damage ratio, which 

is defined in Equation 7-1, and the design life of the pavement in years. 

. D R . Actual Number of Load Repetitions 
Maxtmum amage atlo = 	----------~---- [7-1]

Allowable Number of Load Repetitions 

To minimize the number of variables coming into the analyses, the actual number of load 

repetitions was kept at one million (1,000,000) for all cases. The maximum damage ratio, 

which indicates complete failure of the pavement once it reaches a value of 1.0, was 

calculated based on the allowable number of load repetitions obtained from the results of 

the analyses. 
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7.2 RESULTS AND DISCUSSION 

The horizontal tensile and vertical strains, as well as the vertical stresses, were 

obtained for the cases of no lime on a new pavement at the various summertime air 

temperatures, which acted as controls for comparison purposes, and secondly for the 

cases in which 100g/m2 of hydrated lime was applied to the surface. Analysis results for 

the six different cases, corresponding to the bottom of the HMA layer as well as the top 

of the subgrade layer, are shown in Figures 7-2, 7-3, 7-4, and 7-5. From the four figures, 

it is clear that negligible difference in predictions is observed when the HMA is 

subdivided into smaller layers rather than being considered as one layer. This would 

suggest that considering the HMA as one layer for simplification of analysis is 

reasonable. 

From Figure 7-2, it is clearly observed that the rate of decrease of vertical stress 

with decreasing air temperature is the highest when the air is initially at highly elevated 

temperature. This rate tends to decrease as the initial air temperature being considered 

decreases. According to the figure, the minimum reduction in vertical stress at the bottom 

of the HMA layer is found to be 9 kPa occurring during cool summertime temperatures, 

and a maximum reduction of 32 kPa occurring during hot summertime temperatures. 

Although the stress magnitudes are much smaller, similar trends are observed at 800mm 

from the surface, as shown in Figure 7-3. The smaller magnitudes are attributed to the 

fact that the impact of the load largely vanishes before reaching the subgrade. 
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Furthermore, it was found that the placement of hydrated lime on the surface of the HMA 

increases the stiffness of the pavement, and therefore the load is distributed 
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Figure 7-2: Vertical Stress Measured at Bottom of HMA Layer for Black and 

I 00g/m2 of Hydrated Lime Modified Pavement vs. Air Temperature. 


more uniformly. Nonetheless, hydrated lime showed a positive influence on the reduction 

of vertical stress at the subgrade level. From Figure 7-3, it is evident that the addition of 

hydrated lime reduced the vertical stress at the top of the subgrade layer by 

approximately 0.5 kPa and 1.7 kPa during cool and hot summertime temperatures, 

respectively. This corresponds to an average stress reduction of 12.75%. 
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Figure 7-3: Vertical Stress Measured at Top of Subgrade Layer for Black and 
1 00g/m2 of Hydrated Lime Modified Pavement vs. Air Temperature. 

Trends observed in Figures 7-4 and 7-5 are similar to those shown in Figures 7-2 

and 7-3. The effect of temperature on the horizontal and vertical strains is the greatest at 

highly elevated temperatures and tends to decrease as the air temperature decreases. The 

hydrated-lime-surface-modification-induced reduction in horizontal strain at the bottom 

of the HMA layer is important due to increased horizontal tensile strains resulting in 

increased fatigue cracking, which develops at the bottom of the pavement and propagates 

upwards. Reducing the pavement temperature through the addition of hydrated lime 

reduces the horizontal tensile strains, which enhances the fatigue cracking resistance 
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capabilities of the pavement. The curves shown in Figure 7-4 indicate that the addition of 

hydrated lime results in an average horizontal strain reduction of 20%. 

Both vertical stress and strain at the subgrade surface found to be sensitive to 

temperature. One observes that the vertical strain, as shown in Figure 7-5, is more 

sensitive to temperature when initially at highly elevated temperatures than when at low 

temperatures. High vertical strains at the subgrade level are used as performance 

parameters for rutting [Asphalt Institute, 1989]. 
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Figure 7-4: Horizontal Strain Measured at Bottom of HMA Layer for Black and 
1 00g/m2 of Hydrated Lime Modified Pavement vs. Air Temperature. 
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Based on trends and Asphalt Institute (AI) correlations, one may conclude that 

rutting damage increases as temperature increases. Therefore by reducing the vertical 

strains as a result of reduced pavement temperature, the rutting potential decreases. To 

quantify the effect of hydrated lime on the vertical strain at the sub grade level, Figure 7-5 

indicates an average strain reduction of 12.5%. The percentage is smaller than that for the 

horizontal strain at the bottom of the HMA layer. This is again attributed to the fact that 

the load largely vanishes before reaching the subgrade, and therefore the strain at the 

subgrade level is less sensitive to temperature variations. As per the figure, the maximum 
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Figure 7-5: Vertical Strain Measured at Top of Subgrade Layer for Black and 
1 00g/m2 of Hydrated Lime Modified Pavement vs. Air Temperature. 
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vertical strain observed is less than 200 f..l-strains, which is the maximum amount of strain 

allowed in practice before a sub grade is considered failed [Emery, 2007]. 

The purpose of the surface modification of the HMA pavement was to not only 

enhance the performance of the mixes, but also increase their design life. Using 

KENLA YER, the HMA was subdivided into 5 layers with each layer being assigned a 

different resilient modulus and Poisson's ratio based on the temperature variation 

between the different layers. A damage analysis was completed to assess the influence of 

hydrated lime on the pavement damage, which is reflected by the maximum damage ratio 

and the design life of the pavement in years. In practice, analyses are usually completed 

on single layer HMA with average properties for convenience reasons, therefore, a 

second analysis was completed to assess the sensitivity of the analysis to the temperature 

variations within the HMA layer. The allowable numbers of load repetitions are 

summarized in Table 7-4, which were then used to calculate the maximum damage ratio 

for the different cases. The results indicate the insensitivity of the analysis to temperature 

variations. The general trend indicates that the hydrated lime-induced-temperature­

reduction increases the number the load repetitions allowed and hence, increases the 

design life of the pavement. A complete set of analyses results is summarized in Table 7­

5. 

120 




M.A.Sc. Thesis- I. Abu-Halimeh McMaster University- Civil Engineering 

Table 7-4: Allowable Number of Load Repetitions for All Cases. 

Table 7-5: Damage Analyses Results. 

From the Table 7-5, the corresponding results based on 5 layers and 1 layer 

analyses are relatively close. This confirms that the analysis is relatively insensitive to the 

configuration of the system being analyzed. Due to the placement of hydrated lime on the 

surface of HMA, both the damage ratio and the design life of the structure are positively 

influenced. Based on the 5 layers analysis, surface modification of pavement reduced the 

damage ratio and the design life of the pavement by an average of 30 and 45%, 

respectively. When compared to the analysis completed considering 1 HMA layer, the 

damage ratio and the design life of the pavement were reduced by an average of 28 and 

40%, respectively 

121 




M.A.Sc. Thesis- I. Abu-Halimeh McMaster University- Civil Engineering 

CHAPTER 8 


CONCLUSIONS AND RECOMMENDATIONS 


This study investigated the thermal behaviour of hot mix asphalt, and assessed the 

mechanical properties of HMA that are directly affected by the surface and profile 

temperatures. 

A lOOg per one square meter dosage of hydrated lime was found to be the 

optimum concentration to be applied to a HMA surface in order to achieve maximum 

surface and profile temperatures reduction per gram of lime while avoiding the placement 

of excessive ineffective material. This dosage, placed on laboratory and in-situ samples, 

resulted in surface and profile temperatures reduction of approximately l4°C. The 

reduction in temperature led to improving the fatigue resistance of HMA mixes and also 

their temperature-sensitive mechanical properties including the resilient modulus and rut 

resistance as measured using the NAT and the APA, respectively. Being related to 

temperature, an increase in resilient modulus and rutting resistance, as a result of the 

temperature reduction, was observed. This increase varied depending on the HMA 

mixture being considered. The study also characterized the different mixes and organized 

them in relation to one another with respect to their resilient modulus with temperature, 

fatigue resistance, and their rutting susceptibility with temperature. Mixes studied were 

122 




M.A.Sc. Thesis -I. Abu-Halimeh McMaster University- Civil Engineering 

designed differently but variables such as AC content and Performance Grade (PG) were 

also assessed using mixes of relatively similar designs. 

It was observed, as expected, that AC content as well as its stiffness greatly 

influenced the resilient modulus of HMA. In other words, mixes with higher AC contents 

showed a more ductile behaviour when compared to those that have lower content. This 

is attributed to the fact that asphalt cement is a visco-elastic material. On the other hand, 

with increasing temperature, AC rich mixes tend to lose their stiffness modulus at a lower 

rate than those that are low in AC content. The Performance Grade (PG) of the asphalt 

cement was stipulated to be another factor contributing to the resilient modulus of asphalt 

mixes. Due to the polymer modification of higher PG grades, they not only improved the 

stiffness behaviour of the mix, but also reduced the rate at which the stiffness of a mix 

decreased with increasing temperature. Fatigue resistance of a mix was found to be 

inversely related to its resilient modulus. At low temperatures, stiff mixes have low 

fatigue resistance, and less stiff mixes survive longer before low temperature fatigue 

cracks develop. 

Rutting was found to be directly related to temperature and therefore, the higher 

the temperature, the more the rutting. Rutting is directly related to the resilient modulus 

of HMA and therefore, mixes that were stiffer at high temperatures were found more 
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capable of resisting rutting, and vise versa. On the other hand, mixes that had a high rate 

of decrease of stiffness with increasing temperature showed a high rate of increase of 

rutting depth as temperature increased, and vise versa. Being related to resilient modulus, 

increasing the PG grade of asphalt cement used in a mix increased its rutting resistance. 

Usually, the increased richness of AC content decreases the rutting resistance of the mix 

at high temperatures, but if accompanied by a high percentage of 100% crushed stones, 

like in Stone Mastic Asphalt (SMA), its rutting resistance could increase. 

The placement of hydrated lime on the surface of HMA mixes enhances the 

performance of pavements as well as reduces the size of maintenance required as a result 

of reduced damage. When performing the damage analyses, it was found that hydrated 

lime would extend the design life of a pavement. The addition of lime reduced the 

temperature of the pavement at all levels and therefore reduced its damage ratio, for a 

given number of load applications, by approximately 30%. Reducing the damage ratio 

means that the pavement survives longer and hence its design life was increased by 

approximately 40%. 

In concluding this thesis, I would like to present some recommendations for 

future studies: 
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An in-situ testing program should be conducted in which temperature is 

monitored during the four to five months of summertime and also during the 

winter months in order to assess the influence of hydrated lime on the de-icing 

process once it is placed on the surface of HMA mixes. 

In-situ testing program should be conducted with thermocouples embedded into 

the pavement rather than vertically installed into the pavement. 

Rutting tests should be completed in APA on samples, which have temperature 

gradient through depth. 
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APPENDIX A 

SAMPLE CALCULATION 

The following is a sample calculation used to estimate the initial amount (mass) of 
asphalt material to be used in order to yield the targeted percent of air voids of the 
specimen once it is produced. 

Targeted Specimen Dimensions: 
• 	 Length= 300 mm 
• 	 Width = 125 mm 
• 	 Height= 78 mm 

Maximum Theoretical Relative Density of the Asphalt Mix being used: 
• 	 MRD = 2.528 

Targeted Percent ofAir Voids: 
• 	 Percent Compaction of MRD = 93 
• 	 % Air Voids = 100 - 93 = 7 

Initial Mass ofMaterial to yield Target Properties: 

-7 	 300 * 125 * 78 * 0.93 * 2.528 = 6876.8 grams. 
-7 	 The calculated mass was rounded to 6880 grams for added convenience of 

weighing the material, and to also allow for the small amount of material lost 
on the weighing dish and on the pan after transferring the material to the 
compaction mould. 
Prepared specimens were tested for actual percent of air voids. 

• 	 If % Air voidsactual > % Air voidstarget. more material was added. 
• 	 If % Air voidsactual < % Air voidstarget. some material was removed. 
• 	 A trial-and-error process was used to estimate the amount of 

material added or removed. 
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APPENDIXB 


TESTING PROCEDURES 


1. Testing of Air Voids 

• Before starting the test, the water in the pail had to be at room temperature 

• The sample tested was weighed in air (A1) and then placed in the water pail on 

a pan hanging from the scale. The sample had to be completely covered with 

water and kept submerged for five minutes. Once this time was over, the scale 

reading representing the weight of the sample in water was recorded (B 1). 

• The sample was then taken out of the water and the excess surface water was 

wiped with a towel to put the sample in a saturated surface dried (SSD) 

condition. The sample was then placed on the scale to take the SSD weight 

reading (Az). 

• The following calculations were made using the maximum theoretical relative 

density of the mix (MRD) to obtain the percent voids of the sample. 

};> Bz =Volume= Az -B1 

};> C = Bulk Relative Density = A1/Bz 

};> Percent of Air Voids = [ (MRD - C)/MRD]*100 
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2. 	 Resilient Modulus Testing in the NAT 

In general, the specimen setup procedural instructions are as follows: 

• 	 The specimen was placed centrally within the cradle formed by the alignment 

jig crossbars and the lower loading strip. 

• 	 The L VDTs were retracted in the yoke using the knurled adjusters and the 

yoke was placed centrally over the specimen so that it rests on the alignment 

jig crossbars. 

• 	 Using the four brass and nylon clamping screws, the yoke was clamped to the 

specimen so that the specimen is centrally located within, and parallel to the 

yoke. 

• 	 The subframe crosshead was taken and slid down the subframe slidebars until 

the top loading strip was centrally located on the specimen and made sure that 

the slide bars were centrally located in the crosshead slots. 

• 	 The half ball bearing was placed in the conical hole in the subframe crosshead 

and the load cell centrally on the ball bearing located at the top of the 

subframe crosshead. 

• 	 The fatigue resistance test computer software was run. 

• 	 Specimen information such number and the file name where the data is to be 

stored were inserted. 
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• 	 The diameter and thickness of the specimen being tested were measured at 

different locations on the specimen and an average diameter and thickness 

were inserted into the software as input. 

• 	 The temperature the specimen being tested at was set to either 10°C, 20°C, or 

30°C ± 0.5°C. 

• 	 The target rise time was set to 120 milliseconds and the average deflection to 

5j..lm. 

• 	 Before the start of the test, five conditioning pulses were run to settle the 

specimen correctly inside the chamber. A reading of roughly 120 for the rise 

time and 5j..lm for 

the average deflection obtained as a result of the five conditioning pulses 

indicates that the test is being run correctly and it is fine to proceed. 

• 	 The test was then started and the results of five testing pulses (rise time, 

average deflection, and resilient modulus) were saved after which an average 

was calculated and displayed on the screen. 

3. 	 Fatigue Resistance Testing in the NAT 

In general, the specimen setup procedural instructions are as follows: 

• 	 The specimen was placed centrally within the cradle formed by the alignment 

jig crossbars and the lower loading strip. 
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• 	 The subframe crosshead was taken and slid down the subframe slidebars until 

the top loading strip was centrally located on the specimen and made sure that 

the slide bars were centrally located in the crosshead slots. 

• 	 The half ball bearing was placed in the conical hole in the subframe crosshead 

and the load cell centrally on the ball bearing located at the top of the 

subframe crosshead. 

• 	 The L VDT' s were tied to the slide bars above the top loading strip and made 

sure they were resting on the circular loading plate placed over the half ball 

bearing transferring the load to the subframe crosshead. This was to measure 

the vertical deformation of the specimen in response to the vertical loading 

through the timely pulses. 

• 	 The fatigue resistance test computer software was run. Specimen information 

such number and the file name where the data is to be stored were inserted. 

• 	 The diameter and thickness of the specimen being tested were measured at 

different locations on the specimen and an average diameter and thickness 

were inserted into the software as input. 

• 	 The temperature the specimen being tested at was set to 20°C ± 0.5°C. 

• 	 The target rise time was set to 120 milliseconds. 

• 	 Before the start of the test, five conditioning pulses were run to settle the 

specimen correctly inside the chamber. A reading of roughly 120 for the rise 

indicated that the test was being run correctly and it is fine to proceed. 
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• 	 The test was then started and the specimen was loaded with pulses until 

failure represented by vertical crack along the entire diameter of the specimen. 

The complete set of raw data including the deformation and the number of 

pulses to failure were automatically saved to an Excel file. 

4. 	 Rutting Resistance Testing in the APA 

In general, the specimen setup procedural instructions are as follows: 

• 	 Set the hose pressure gap reading to 700 ± 35 kPa (100 ± 5 psi). Set the load 

cylinder pressure reading for each wheel to achieve a load of 445 ± 22 N ( 100 

± 5 lbf). 

• 	 Stabilize the testing chamber temperature at the temperature selected for 

testing the specimens at. 

• 	 Secure preheated, molded specimens in the APA. The preheated AP A 

chamber should not be open more than six minutes when securing the test 

specimens into the machine. 

• 	 In order to create a temperature gradient within the sample along the vertical 

direction, the surface of the specimens being tested was preheated using a 

vehicle paint curing lamp to a temperature that was 5°C higher than the testing 

temperature equal to that pre-set in the APA chamber. This was to allow for 
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any heat loss while setting up the samples in the APA and getting them ready 

for testing. 

• 	 Place the samples in the testing moulds and push the sample holding tray in 

and secure it. Close the chamber doors, and allow ten minutes for the 

temperature to re-stabilize prior to starting the test. 

• 	 Start the APA testing software on a computer attached to the machine and 

input the specimens' information. 

• 	 Apply fifty cycles to seat the specimens before the initial measurements. 

• 	 Set the preset counter to 8000 cycles. 

• 	 Start the test. When the test reaches 8000 cycles, the AP A will stop, and the 

load wheels will automatically retract. 

• 	 The testing results, which include the rut depth for each cycle number, are 

automatically saved into the computer in the form of an Excel file for future 

analysis and manipulations. 
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APPENDIXC 

COLLECTED RAW DATA 

1. 	 Profile Temperature Monitoring 

Table 1: Summary of Laboratory Temperature Profile Readings 
for Different Lime Amounts with Time. 

* Measured from pavement surface. 

Table 2: Summary of In-situ Temperature Profile Readings 
for Different Lime Amounts with Time. 

* Measured from pavement surface. 
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2. 	 Rutting Histories from Testing in the APA 

a e : uttmg tstory o f aII M ' txes at T bl 3 R . H" 
Cycle 

Number 
A vera e Permanent Deformation (mm) 

SP12.5FC2PG64-28 SP12.5FC2PG70~28 SP19 SMA 
0 0.0000 0.0000 0.0000 0.0000 

200 0.5210 0.2501 0.3729 0.3031 
400 0.6698 0.3091 0.4997 0.3844 
600 0.7756 0.3646 0.5598 0.4250 
800 0.8488 0.3925 0.6564 0.4607 
1000 0.9087 0.4296 0.7132 0.4705 
2000 1.1342 0.5896 0.9474 0.6164 
4000 1.5602 0.8533 1.3707 0.7822 
6000 2.2152 1.0917 1.8735 0.9233 
8000 2.8093 1.3666 2.3616 1.0392 

a e : uttmg tstory o a txes at T bl 4 R . H" f II M' . 
f{ ·' Cycle ·. 

·Number 
0 

•''? ~Avera 
SP12.5 PG64-28 

0.0000 

ePermanentCfieformation (mm) 
SP12.5FC2PG70:2s: . SP19 '<i . . 

0.0000 0.0000 

''',~+o .J;~i::,· . 
I' ·,L SM:A . 

0.0000 

; 

200 0.1692 0.3186 0.3767 0.2697 
400 0.2983 0.4325 0.5307 0.3222 
600 0.4300 0.5050 0.6155 0.3651 
800 0.6036 0.5599 0.6823 0.4185 
1000 0.7487 0.6007 0.7483 0.4661 
2000 1.5838 0.8368 0.9942 0.6114 
4000 2.8439 1.1770 1.4525 0.8951 
6000 3.7524 1.5107 2.0987 1.1132 
8000 4.6942 1.8465 2.8475 1.3170 

T bl 5 R . H" 	 f II M.a e : uttmg tstory o a txes at 
Cycle 

Number 
i)l Avera e PermanentDeformation (mm) ; 

SP12.5FC2PG64-28 SP12.5FC2PG70-28 SP19 SMA 
0 0.0000 0.0000 0.0000 0.0000 

200 1.1778 0.4283 0.6561 0.3763 
400 1.5985 0.5660 0.9078 0.4732 
600 1.8997 0.6489 1.0558 0.5340 
800 2.1270 0.7409 1.1820 0.6109 
1000 2.3451 0.8086 1.2885 0.6682 
2000 3.3296 1.0492 1.6865 0.8540 
4000 4.9133 1.6236 2.6148 1.1439 
6000 6.2442 2.4921 3.44.86 L.4179 
8000 7.3846 3.2642 4.1351 1.7108 
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T bl 6 R . H" f II M . a e : uttmg tstory o a txes at 
>> Cycle 

Number 
·· ·: Avera e Permanent Deformation (mm) ' 

SP12.5FC2PG64-28 SP12.5FC2PG70-28 SP19 SMA., 

0 0.0000 0.0000 0.0000 0.0000 
200 0.8789 0.4082 0.6029 0.2682 
400 1.2243 0.5807 0.8446 0.3156 
600 1.4973 0.6446 0.9710 0.3492 
800 1.6782 0.6982 1.1018 0.3778 
1000 1.8650 0.7804 1.2163 0.4137 
2000 2.6665 1.0532 1.7488 0.5716 
4000 4.3156 1.6267 2.6757 0.8484 
6000 5.7383 2.8967 3.7475 1.0447 
8000 7.0551 3.8223 4.6743 1.3619 
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