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Abstract

Hydrated lime has been added to hot mix asphalt pavements for over 25 years, improving the mixtures in many ways and increasing the life of highways. Lime contributes to both the mechanical and rheological properties of asphalt mixtures, improving moisture sensitivity resistance and fracture toughness along with reducing the rate of oxidative aging of many bitumens.  Considerable laboratory research has been performed to quantify the benefits of hydrated lime, and decades of field performance have validated the laboratory conclusions.

This paper will survey the body of research supporting the numerous benefits of adding hydrated lime to asphalt mixtures.  It will highlight current work evaluating lime’s unique characteristics as an active mineral filler as they relate to moisture sensitivity, rutting, fatigue, and oxidative aging.  Examples will be provided supporting lime’s contributions to extending the life cycle of asphalt pavements.

Introduction

In the United States of America hydrated lime has been added to hot mix asphalt to improve its properties for over 25 years.  The growth of the demand has been significant, currently totaling over 400,000 tonnes per year (USGS, 2004).  This paper describes the evolution of the use of hydrated lime in asphalt pavements, based both upon advances in research and field experience.  As the costs of bitumen and aggregate continue to increase, and greater demands are placed on the nation’s roads, the value that hydrated lime contributes to asphalt mixtures will grow in importance.

Background

In the 1970s many U.S. states began to identify moisture problems leading to deterioration of their asphalt pavements.  No root cause for those problems has ever been identified although increases highway traffic loadings and changes in the composition of bitumens were probable contributors.  Significant research efforts were undertaken to understand the fundamental properties of moisture sensitivity in pavements and to identify design changes to mitigate them.  The addition of hydrated lime to asphalt mixtures was identified as the most successful measure to mitigate moisture problems.

States in regions subjected to the harshest U.S. climates began to specify hydrated lime in the early 1980s.  The climates most dramatically affected by moisture problems range from the hot, wet, and humid Southeastern region of the country to the Intermountain West where climates extend from desert heat to mountainous freeze/thaw zones.  The addition of hydrated lime dramatically improved the pavements in those states virtually eliminating problems related to moisture damage.

Also in the 1980s the Federal government created the Strategic Highway Research Program (SHRP), a comprehensive ten-year effort designed to increase the country’s fundamental knowledge of paving materials and highway design.  As part of that program investigation into hydrated lime’s contribution to asphalt pavements was expanded and additional benefits were identified and quantified.  In addition to mitigating moisture sensitivity problems hydrated lime improved rutting resistance by acting as a chemically active filler.  It toughened the mixtures reducing both fatigue and thermal cracking.  When added to many different bitumens hydrated lime reduced the rate of binder oxidation and age hardening.  Taken together, these synergistic benefits can significantly improve the life cycle costs of asphalt pavements.

Multi-functional Benefits of Hydrated Lime

Moisture Sensitivity

Moisture affects asphalt pavements in two important ways.  First, moisture can enter the interface between the bitumen and aggregate destroying the bond between those two key components of the pavement.  Second, moisture can penetrate the bitumen itself softening it and reducing its cohesive strength.  Both damage mechanisms can reduce the pavement’s integrity and shorten its effective life (Cheng et al, 2003).

Adhesive failure is the most commonly recognized result of moisture damage.  It has long been observed that siliceous or igneous aggregates that contain large silica components are particularly susceptible to moisture damage in asphalt pavements.  Those aggregates have an acid component that is incompatible with the acid components of bitumens, leading to relatively weak bonds (Petersen, 2005).  The American Association of State Highway and Transportation Officials (AASHTO) Tensile Strength Ratio test (AASHTO T-283) is commonly used to evaluate improvements gained by the addition of moisture sensitivity additives.  The test compares the strengths of samples both dry and after subjecting moisture conditioned samples to at least one freeze/thaw cycle.  A common specification requires a retained strength ratio after one freeze/thaw cycle to equal or exceed 75 percent. 
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Figure 1 – TSR Improvement of Three Mississippi Aggregates (After Little, 1994)

Current research looking at the thermodynamics of aggregate/bitumen bonding has established that the several components of the surface free energy of the bitumen and the aggregate determine the strength of the bond connecting them.  It has also shown that the free energy of water will dominate those adhesive bonds causing them to break apart (Cheng et al, 2003).

Cohesive failure is more subtle.  Bitumen was long thought to be impermeable to water which is not true.  Several mechanisms can drive water into the binder causing it to soften.  Once in the bitumen water will react with some acid components of the bitumen creating water soluble soaps which weaken the binder and, in turn, weaken the bonds between the binder and aggregate

Depending upon how hydrated lime is introduced into the asphalt mixture it may coat the aggregate surface changing its bonding sites from acidic to basic.  That transformation promotes strong bonds between the bitumen and aggregate preventing water from breaking them apart.  In addition, hydrated lime reacts with the acid components of the bitumen forming water insoluble calcium salts.  The removal of those acid components further protects the adhesive bond by eliminating the possibility of damaging soaps forming in the binder (Petersen, 2005).

Rutting

Rutting most commonly occurs early in a pavement’s life.  Its causes include specification of a binder that is too soft for the traffic conditions, excessive air voids, or lack of stone-on-stone contact in the mixture.  Over time the mixture will stiffen as traffic further compacts the pavement and environmental conditions oxidize the bitumen increasing its viscosity.  However, for the first several years that a pavement is in service it must be sufficiently stiff to resist rutting.

The fine particle size of hydrated lime (often 50% smaller than 5() contributes significantly to stiffening the mastic of the asphalt mixture.  The mastic is the combination of bitumen and particles finer than 75( that coat the aggregate and fill the spaces within the stone skeleton of the mixture.  The lime is a more effective filler than equivalently sized stone fillers due to its chemical activity (Little and Petersen, 2005).

As can be seen in tests measuring dynamic modulus (E*), an important test in mixture design and prediction of life cycle performance, hydrated lime is superior to inert fillers in stiffening asphalt mixtures at high temperatures (Bari and Witczak, 2005).

	Temperature

(F)
	Hydrated Lime Content (percent of dry weight of aggregate)

	
	1.0
	1.5
	2.0
	2.5
	3.0

	14
	1.24
	1.07
	1.31
	1.33
	1.34

	40
	1.12
	1.10
	1.21
	1.43
	1.22

	70
	1.26
	1.31
	1.06
	1.91
	1.31

	100
	1.21
	1.51
	1.15
	1.39
	1.30

	130
	1.24
	1.09
	1.14
	1.45
	1.25

	Average
	1.21
	1.22
	1.17
	1.50
	1.28

	STD
	0.06
	0.19
	0.09
	0.23
	0.05

	CV
	5
	16
	8
	15
	4


Table 1 – Ratio of E* with Hydrated Lime to E* Without Lime, (After Bari and Witczak, 2005)

While it is important for mixtures to be stiff at high pavement temperatures it is critical that the bitumen is able to relax at low temperatures to avoid thermal cracking.  At low temperatures hydrated lime’s chemical activity is reduced.  In that state it contributes to improved pavement toughness, and an increased capacity for the mastic to relax during times when thermal cracking is an issue (Lesueur and Little, 1999).

[image: image1.emf]0

10

20

30

40

50

60

70

80

AAD AAM

Type of Bitumen

Fracture Toughness (kN x m^-3/2)

Unaged, 0% Unaged, 20% Aged, 0% Aged, 20%


Figure 2 – Improvement in Low Temperature Toughness with Addition of Hydrated Lime:  Lime Added as Percent of Bitumen Weight, (After Lesueur and Little, 1999)

Fatigue Cracking

Fatigue cracking occurs when pavements are excessively stiff or the structural layers are too thin to support the traffic that they carry.  Fatigue results from excessive tension in the pavement structure often caused by overweight vehicles, shear stresses caused by traffic movement, or by rapid temperature change in the pavement.  It can also occur when a binder that is too stiff for traffic and climatic conditions is specified for the pavement.  As pavement ages oxidation of the bitumen causes it to become brittle which also contributes to fatigue cracking.

As a chemically active filler hydrated lime not only contributes to stiffening asphalt mixtures but also extends their fatigue life.  Repeated experiments at the Texas Transportation Institute and elsewhere have demonstrated this phenomena under both dry and wet conditions (Little and Petersen, 2005).

	Mineral

Filler
	Bitumen
	Cycles to

Failure (dry)
	Cycles to

Failure (wet)

	Limestone
	AAM-1
	4,000
	2,100

	Hydrated Lime
	AAM-1
	8,200
	6,200

	Limestone
	AAD-1
	5,200
	2,500

	Hydrated Lime
	AAD-1
	10,000
	8,500


Table 2  - Impact of Hydrated Lime on Bitumen Stiffness (After Kim et al, 2003)

One mechanism that explains hydrated lime’s ability to extend fatigue life in pavements while at the same time stiffening them is called “crack pinning”.  The tiny hydrate particles intercept and deflect micro cracks as they form preventing them from coalescing into macro cracks that can reflect through the pavement layer.  Because of lime’s chemical activity it adsorbs acid components from the bitumen to its surface, increasing the effective volume of the particles making them more effective than inert fillers at intercepting the micro cracks (Lesueur and Little, 1999).

Oxidation

For over thirty years it has been well established that hydrated lime reacts with acid components of bitumen to produce beneficial changes that contribute to the creation of high performance asphalt mixes.  The preceding sections have referred to the impacts of some of those benefits.  A final hydrated lime contribution to asphalt mixtures is a reduction in the rate of oxidative hardening in many bitumens.
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Figure 3 – Field Data Demonstrating the Effect of Hydrated Lime on the Hardening of Asphalt Binder Based on Utah Data (After Jones, 1997)

Not only do acid components in the bitumen contribute to moisture sensitivity problems, they also react over time with the environment and are transformed into viscosity building asphaltenes which stiffen the bitumen and make it more brittle.  When chemically active hydrate comes into contact with bitumen it quickly reacts with acid components of the binder to transform them into insoluble salts.  When the acid components of the bitumen are removed its viscosity increases much more slowly over time.  The lower viscosity insures that the pavement will remain ductile and able to withstand the rigors of traffic and climate without deteriorating (Petersen et al, 1987).

Life Cycle Costs

The numerous benefits gained from adding hydrated lime to hot mix asphalt have a positive impact upon the life cycle costs of asphalt pavements.  In 2003 the U.S. National Lime Association commissioned Hicks and Scholz to configure the Federal Highway Administration life cycle cost model to evaluate the benefits of lime treated asphalt pavements.  Using input from ten states the model projected an approximate cost saving of $2.00 per square yard over the 20 year life of the pavement.  Using a probabilistic methodology the researchers determined that between 79 and 96 percent of asphalt pavements using lime will have lower life cycle costs than those without lime.

The state of Nevada, a state with climatic zones ranging from desert to mountains, commissioned a study to quantify the benefits that accrue from the use of hydrated lime.  The study examined equivalent lime treated and untreated pavements from both severe climatic zones, evaluating both pavement and laboratory samples as well as pavement histories as reflected in the state’s maintenance management program (Sebaaly et al, 2003).  The study concluded that Nevada gained an average of three years additional life from pavements containing hydrated lime.  That additional life translated into a 38% cost saving as compared to a 10% higher first cost of the asphalt mixtures.

	Project
	Mr (ksi)
	Structural 

Number
	ESALs2

Millions
	Increase in ESALs (%)
	Increase in Pav. Life (%)

	
	Uncond.
	6th Cycle1
	
	
	
	

	Pecos-untreated

US-95-treated
	1900

1100
	104

460
	3.44

3.74
	1.850

3.120
	70
	64

	Russell-untreated

Sunset-treated

SR-599-treated
	1900

1050

1250
	270

193

345
	3.54

3.60

3.64
	2.210

2.415

2.600
	143
	1

	Plumas-untreated

Greens-Untreated

SR-516-treated
	970

910

1700
	0

0

383
	3.44

3.44

3.64
	1.850

1.850

2.600
	40
	3


1 – Number of freeze/thaw cycles after moisture conditioning

2 – ESAL = Equivalent single truck axle loads weighing 18,000 pounds

3 – Average % increase in ESALs for the two lime-treated projects as compared to untreated project

4 – Increase in pavement life is based on and average of 8-year life for untreated projects

Table 3 – Impact of Lime Treatment on Pavement Life in Nevada Based on AASHTO Design Guide, (After Sebaaly et al, 2003)

Additional studies are underway to evaluate the long-term performance of lime treated asphalt pavements.  Based upon the results to date and testimonials from the many states that specify lime in their pavements the addition of hydrated lime is an inexpensive way to increase the life of asphalt pavements.

Conclusions

Hydrated lime, which has been an important hot mix asphalt additive in the United States for over 25 years, contributes to high performance asphalt pavements in several ways.  Its contributions to mitigating moisture sensitivity, improving rut resistance, reducing fatigue cracking, and reducing the rate of oxidative hardening in pavements work synergistically to improve pavement performance.  The addition of hydrated lime can be viewed as an inexpensive insurance policy to maximize pavement performance and reduce life cycle costs.  In summary:

· Hydrated lime is a premier additive to mitigate moisture sensitivity, improving both adhesive and cohesive properties of the mixture.

· Lime stiffens asphalt mixtures at high temperatures due to its active filler effect.  At low temperatures it behaves as an inert filler toughening mixtures and enabling them to relax.

· Even as it stiffens asphalt mixtures hydrated lime improves fatigue life through “crack pinning”.

· When added to many bitumens hydrated lime reacts with acidic components to remove them from reaction with the environment, thus retarding the rate of oxidation and retaining desirable pavement ductility.

· Using both modeling and field studies hydrated lime has been shown to extend the life of asphalt pavements and lower life cycle costs.
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