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Abstract

Sealing pavement joints and cracks is one of the essential pavement maintenance

practices to protect subsurface layers from the ingress of moisture and debris. Hot-pour

sealants are the most prevalent type of sealants and they consist of bitumen modified with

polymers' Existing ASTM standards for hot-pour sealants are empirically based standards

and may not correlate well with the field performance of sealants. Currently, field studies

are the most reliable method to evaluate the performance of sealants in cold climates but

such studies are slow and not cost-effective.

This research proposes a test protocol for firll chaructenzation of hot-pour bituminous

sealants. Four test methods are adopted in this test protocol: Rotational Viscometer (RV),

Dynamic Shear Rheometer (DSR), Bending Beam Rheometer (BBR), and Dynamic

Mechanical Analyzer (DMA). These four tests charccterize the rheological properties of

sealants over the wide range of temperatures that they experience during installation and

in-service. The major advantage of using these methods is that the equipment is readily

available in the asphalt binder and polymer characterization laboratories; and the

procedures are familiar to laboratory technicians.

Eight hot-pour sealants were evaluated using the proposed test protocol. Seven

parameters were selected as laboratory-based indicators for sealant performance. Foi

each sealant, the values of these performance indicators were evaluated. Sealants were

ranked according to their laboratory performance indicators. Results were verified from

an ongoing freld study that started in 2004. A good correlation was found between the



proposed simplified evaluation method and the field perfoûnance. This laboratory

evaluation method can replace costly and time-consuming field studies, and provide the

ability to test new sealing materials to evaluate their performance as soon as they become

available in the market.
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Notation

COf/ Coefficient of variation

D (t) Creep compliance at time t

Do Glassy creep compliance

D¡ Material constant

E* Complex modulus

E' Storage modulus

E" Loss modulus

G" Complex shear modulus

G (t) Shear relaxation modulus at time t

Go Initial shear modulus

G- Shear relaxation modulus at inf,rnity

G¡ Material constant

gt Material constant

Ir Thermal stress index

moo m-value at 60 seconds

mz¿o m-value at 60 seconds

^S Creep stiffness

Søo Creep stiffrress at 60 seconds

f^S Temperature susceptibility
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Ts Glass Transition Temperature

r¡ Relaxation time

op The failure stress at -29o C

o7 The thermal stress at -29o C

õ Phase angle
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I Introduction

1.1 General Overyiew

Joint sealants are widely used in Canada to protect pavements from the infiltration of

water and incompressible debris. ASTM standard D6690 (ASTM 2005) is the most

commonly used standard for hot-pour sealants in North America. Existing ASTM

standards are empirically based standards and may not correlate well with the field

performance of sealants. In cold climates, sealants are subjected to 
.a 

large annual

temperature differential that may exceed 80o C. For this reason, field studies are

conducted to evaluate the field performance of sealants. Field performance is typically

assessed every 10 years, which does not provide a timely response to progressive market

changes and the availability of new products.

Joint sealant provides two main functions: protect pavement structure from moisture and

prevent the retention of incompressible materials in joints (Lynch 1996). To achieve

these functions successfully, the candidate sealant should have: adequate adhesion

strength with the pavement, the ability to dissipate tensile stresses in sealant, and

adequate stiffüess to resist the penetration of incompressible materials. Factors

influencing adhesion strength were extensively addressed in the literature such as: sealant

viscosity during installation (Masson and Lacasse 2000), the type of aggregate used in

pavement mix (Fini et a1.2006), crack preparation (Evans et al. 1995), and installation

procedures (Evans et al. 1999).



Hot-pour sealants are the most prevalent type of sealants and they consist of bitumen

modified with polyners. The type of polymer can affect the performance of sealants'

Hot-pour bituminous sealants can be considered elastomeric polymers with viscoelastic

behaviour. Stifftress modulus of a viscoelastic material changes with the change of

temperature and time of loading. Therefore, several tests are required to provide a full

characterization of sealants over the temperature range that they would experience during

installation and in-service.

Field evaluation studies in Manitoba showed that most sealant failures were adhesion

faiiures (worms 2005). Adhesion between sealants and pavements is affected by sealants

viscosity during installation , the aggregate used in pavements mix, crack preparation' and

installation procedures. Adhesion failure of a sealant can also be due to the high stiffness

of the sealant and the sealant's inability to dissipate the tensile stresses generated at 10w

temperature which lead to a build-up of tensile stresses at the sealant-pavement interface'

sealant,s stiffrress and abitity to dissipate stresses are related to the fundamental

rheological properties of sealants (Masson 2000)'

several laboratory evaluation methods were proposed for evaluating the parameters that

influence the field performance of sealants at different temperatures' The selected

parameters could be the mechanical properties of sealants, their adhesion to different

pavement materials, or the chemical composition of sealants' Recently ' the úilization of

the widely-available asphalt binder performance grading equipment to characteÀze the

rheological properties of crack sealants has been examined'



L.2 Research Objectives

The purpose ofthis research is to provide a test protocol for laboratory characterization of

hot-pour bituminous sealants. Laboratory characferization of sealants can be considered

as a cost-effective and rapid alternative to f,reld performance studies. It will provide the

ability to test new sealing materials and evaluate their performance as soon as they

become available in the market.

The objectives of this research are to:

o Characteize the properties of sealants over the range of temperature that they

would experience during installation and in-service.

.' IJtílizethe existing laboratory tests for characterizing the rheological properties of

asphalt binder; and the feasibility of using these tests to characterize sealants.

. Propose procedures for laboratory testing of sealants and the required

modifications for asphalt binder tests to be applicable for sealants.

n Propose laboratory-based selection indicators for sealant performance to replace

or complement field evaluation studies. These selection indicators provide

information about sealant properties at the installation and in-service

temperatures.

o Compare the proposed selection indicators and actual field performance of

sealants.



1.3 Organization of Thesis

This thesis is organized as follows:

Þ Chapter 2z Literature Review

This chapter outlines the function of sealants, the types of sealants, sealant failure modes,

and a summary of the several laboratory evaluation methods that have been developed for

evaluation of sealants.

This chapter presents the tested materials in this research, and outline the experimental

program for laboratory evaluation.

This chapter outlines the preparation of the sealant specimen, the testing procedures' and

the results of the Dynamic Shear Rheometer and Rotational Viscometer tests'

This chapter presents the preparation of the sealant specimen, the testing procedures' and

the results of the Bending Beam Rheometer test'

This chapter outlines the preparation of the sealant specimen, the testing procedures' and

the results of the D1'namic Mechanical Analyzer test'



This chapter discusses the laboratory test protocol followed in this research, the proposed

laboratory selection indicators for sealant performance, and the correlation between

laboratory evaluation and field evaluation of sealants

This chapter provides a summary of the thesis, the conclusions, and some

recommendations for future work to improve the proposed method for laboratory

evaluation.



2 Literature Review

2.1 Introduction

Joint and crack sealants protect pavement structures from moisture, and prevent the

retention of incompressible materials in joints (Lynch L996). The properties of sealing

materials have been improved in the last two decades due to the availability of new

materials that could have better sealing performance. Establishing a selection ctiteia

based on laboratory evaluation can decrease the uncertainty about sealant field

performance and the suítability of a sealant to site climate. Curent ASTM tests for

sealants are empirically-based and do not reflect the field performance of sealants. Field

studies are the most reliable alternative to ASTM tests to evaluate sealants performance;

however they are not cost effective. Several laboratory evaluation methods proposed for

evaluating the parameters that influence the field performance at different temperatures.

The selected parameters could be the mechanical properties of sealant, its adhesion to

different pavement materials, or the chemical composition of sealant.

2.2 Hot-pour Sealants; Classification and Failure Modes

2.2.I Classification of Hot-pour Sealants

Hot-pour sealants are the most prevalent type of sealants and consist of bitumen modified

with polymers. The type of polymer affects the low-temperature performance of sealants.

Hot-pour sealants are classified into four groups according to ASTM standards D 6690

(ASTM 2005):

5A



Type I: A joint and crack sealant capable of maintaining an effective seal in

moderate climates. Low temperature performance is tested at -18o C using 50%

extension.

Type II: A joint and crack sealant capable of maintaining an effective seal in most

climates. Low temperature performance is tested at -29o C using 50% extension.

Type III: A joint and crack sealant capable of maintaining an effective seal in

most climates. Low temperature performance is tested at -29o C using 50%

extension. Special tests are included.

Type IV: A joint and crack sealant capable of maintaining an effective seal

climates experiencing very cold temperatures. Low temperature performance

tested at -29o C using 200% extension.

2.2.2 Sealant Failure Modes

A sealant is considered to have failed if it can not perform its function properly, which is

protecting pavement from the ingress of moisture and debris. Sealant failures are

classified into two types: cohesion failure and adhesion failure. Cohesion failure occurs

when the cohesion between sealant particles can not withstand the extemal stresses

applied on it and the sealant cracks or ruptures. Adhesion failure occurs when the bond

between a sealant and ajoint face is not sufficient to resist stresses due to pavement

contraction. There are several parameters that may affect the mode of failure, for

example: stiffrress, ability to dissipate tensile stress with appropriate rate, and climate

conditions. Figure 2.1 shows the two modes of sealant failure.

in

is
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Sealant

a) Adhesion Failure: separation behveen

sealant and joint face

FIGURE 2.1: Modes of Sealant Failure

2.3 Properties of Hot-pour Bituminous Sealants

Hot-pour sealants consist of bitumen modified with polymers. The properties of sealants

are affected by the type of polymer. Hot-pour bituminous sealants can be considered

elastomeric polymers with viscoelastic behaviour. Stiffness modulus of a viscoelastic

material changes with the change of temperature and time of loading. The state of hot-

pour sealants changes from a viscous liquid at very high temperatures to an elastic solid

at very cold temperatures. Hot-pour sealants are installed at a very high temperature

ranging from +180o C to +2000 C. At the installation temperature, the state of sealants

changes from a rubber to a viscous liquid.

Sealants are subjected to two types of loading after installation: traffic loading and

thermal loading. Traffic loading produces repeated shear strains on sealants. Thermal

loading is caused by the variation of pavement temperature during the year. Thermal



loading produces tensile and compressive strains in sealants. Sealants should operate at

the viscoelastic range to be able to dissipate these tensile strains before they induce

failure.

2.4 Mechanical Tests Developed for Sealants

Several testing methods are based on evaluating the performance of sealants under

monotonic or cyclic stress, or strain. Type of loading and test temperature are selected to

simulate the conditions that sealants are subjected to. Some of these testing methods were

originally developed for testing asphalt binders or viscoelastic materials and are being

adopted for testing sealants.

2.4.1 Tensile Adhesion and Relaxation Tests

Zanzotto (1996) introduced a testing protocol for evaluating sealant performance at low

service temperatures based on stress relaxation test and tensile adhesion test. In stress

relaxation test, a cylindrical sealant sample of 25-4 mm height and25.4 mm diameter was

subject to 50Yo extension at a rate of 1 mm/minute and a temperature of -30o C. Each

sample was tested for one hour, 12.5 minutes to apply 50% extension and 47.5 minutes to

measure stress relaxation. The developed load due to sealant extension was recorded.

In tensile adhesion test, a cylindrical sealant sample of 25.4 mm height and 25.4 mm

diameter was pulled off a concrete brick at a rate of l0 mm/minute and at a temperature

of -30o C. Displacement and corresponding load were recorded until debonding occurred.

Fourteen sealants used in field projects in Alberta, Ontario, and Quebec were tested in the

laboratory to correlate stress relaxation and tensile adhesion to field performance. Four



parameters, two from stress relaxation test and two from tensile adhesion test, had a good

correlation with field performance. These parameters were: maximum peak load during

stress relaxation tests, rupture of sealant sample during extension, maximum extension at

debonding between the sealant sample and the concrete block in the tensile adhesion test,

and the work necessary for debonding. Table 2.1 shows the correlation between these

parameters and f,reld performance which can be used as a guideline to predict the field

performance of sealants.

TABLE 2.1: Correlation between Field Performance and Parameters from Stress

Relaxation and Tensile Adhesion Tests (Zanzotto 1996)

Test Type

Field

Performance

Stress Relaxation Tensile Adhesion

Peak load Breakage during

(N) extension

Max. extension at Work required for

debonding (mm) debonding (J)

Pass

Fail

< 500

> 500

Yes

No

>5

<1

>2

>1

2.4.2 Tensile and Compressive stiffrress

Abd El Halim et al. (1997) used a displacement controlled test to evaluate the

performance of hot and cold-pour sealants in tension and compression at different

temperatures. Three types of sealants were evaluated: silicone sealant, cold-pour sealant,

and hot-pour sealant. Sealant cubes with a side length of 50 mm v/ere used for

compression tests, while dog-bone specimens with a gauge length of 50 mm were used

for tensile tests. Four displacement rates were used 2.5, 12.5, 25, and 50 mm/minute.



Test results showed that sealant behaviour in tensile and compressive tests was not

affected significantly by changing the rate of displacement.

Tensile and compressive tests were conducted at temperatures of -40oC, -20oC, 0oC,

+20oC, and *40oC. In tensile tests, the stiffrress of the silicone and the cold-pour sealants

were less sensitive to test temperature, while the hot-pour sealants showed higher

sensitivity to test temperature. The same behaviour was noticed in compressive tests

except that the silicone sealant showed much higher compressive stiffness at temperature

-40oC than compressive stiffness at temperatures from -20oC to +40oC.

The calculated tensile modulus at a strain of T0% and a temperature of -40oC for the hot-

pour sealant was around 7 times that of the cold-pour sealant and 70 times that of the

silicone sealant.The compressive modulus calculated at strain of |0o/o and a temperature

of -40oC for the hot-pour sealant was around 8 times that of the cold-pour sealant and 3

times that of the silicone sealant. The silicone sealant appeared to lose most of its

compressive strength by changing temperature from -40oC to -20oC, where the

compressive modulus of the silicone sealant at temperature -40oC it about 30 times its

value at temperature -20oC.

2.4.3 Cyctic Shear and Horizontal Deflection

Al-Qadi et al. (1999) evaluated the perfoÍnance of two types of rigid pavement joint

sealants under cyclic shear and tensile strain. A fixture designed and fabricated at

Virginia Tech was used for this purpose. The tensile strain simulated the effect of

10



concrete slabs contraction at low temperature, while the cyclic shear was used to simulate

traffic loading.

The tested specimen consisted of a sealant strip between two 50.80 mm concrete cubes.

The width to depth ratio of the sealant strip was chosen to be one. Two types of aggregate

were used for preparing the concrete blocks (granite and limestone) to study the effect of

aggregate type on sealant performance. Two types of sealants were characterized in this

study: a low modulus one-part cold applied silicone sealant, and a one-part cold applied

polyurethane sealant. Five values for thickness of sealant strip, which represent joint

width, were evaluated. These values arc I2.7,15.9, 19.1,22.2, and25.4 mm.

The effect of test temperature was studies in pilot tests, where sealants specimens were

tested at temperatures ranging from -36oC to +26oC. Results showed that there is no

significant effect of changing test temperature between -36oC and *26oC on sealant

response. Therefore, tests were conducted at temperature *23oC (room temperature).

The shear strain amplitude and frequency were chosen to simulate a truck moving at a

speed of 88 kmlh. The applied shear strain had a pulse waveform (with 0.05 sec loading

period, 0.25 sçc rest period) and 3.2mm amplitude. The horizontal deflections were

varied between 6.2o/o and 58% of the joint width. A sealant sample was considered to

have failed when 20% of the sealant showed adhesion and/or cohesion failure. The

number of cycles required for failure was recorded.

11



Testing results showed that:

The number of shear cycles required for failure increases with the decrease of

joint width for both types of sealants, which means that the resistance to shear

deformation increase with the decrease ofjoint width.

The number of shear cycles required for failure increases with the decrease of

horizontal strain for both sealants, which complies with the previous observation.

Both types of sealants showed better performance with granite aggregate than

their performance with limestone aggregate.

2.4.4 Cyclic Tension and Compression

Worms (2005) evaluated the performance of eight hot-poured sealants, labeled as sealant

A to H, using a cyclic tension and compression test at three temperatures: -30oC, OoC, and

+30oC. Two of these sealants were classified as type I according to ASTM standards,

while the remaining sealants were classified as type tV. The tested specimen consisted of

a sealant strip with 10 mm thickness placed between two concrete blocks with cross-

section 50x75mm and height 50mm.

Sealant samples were subjected to a sinusoidal displacement with an ampiitude of 2mm.

This amplitude was chosen to simulate a temperature variation of 70oC. Pilot tests were

conducted to select the suitable frequency and number of cycles that can be applied at

each temperature without damaging the specimen. A 0.003 Hz frequency and 25 cycles

were used at temperature -30oC; a I Hz frequency and 5000 cycles were used at

temperature OoC; and a I Hz frequency and 25000 cycles were used at temperature

t2



+30oC. The corresponding load to the applied displacement was recorded. Test was

stopped when a cohesion failure noticed or when the measured load dropped by 85% of

its initial value.

Based on tests results, three criteria were used to evaluate sealants performance: percent

load drop versus temperature, normal stress, and surface stress. The percent load drop, for

both tensile and compressive loads, was defined as the percent of the difference between

the initial load measured at the first cycle and the final load measured at the end of the

test with respect to the initial load. This criteria was used as an indicator for sealant

ability to dissipated stresses and sealant initial stiffiress. The eight sealants were

categonzed to three gtoups according to the percent of load drop: good, satisfactory, and

poor performing sealants. Sealants that maintained a consistent percent load drop in the

range of 40 to 60 percent, in tension and compression, at all test temperatures were

classified as good performing sealants (Sealants D and E).

Three sealants (Sealants F, G, and H) were categonzed as satisfactory performing. There

were two trend lines for the percent of load drop for this group of sealants. The first tend

line was for the percentage of drop in tensile load; a 60 to 80 percent tensile load drop

was recorded at -30oC and decreased to 30 to 50 percent at *30oC. The second trend was

for the percentage of drop in compressive load; a 40 to 50 percent compressive load drop

was recorded at -30oC and increased to 50 to 70 percent at *30oC. These trends showed

that this group of sealants had difficulty in resisting thermal loading.

73



The remaining three sealants (Sealants A, B, and C) were categorized as poor performing

sealants in cold climates. These sealants had a higher percent of load drop than the

satisfactory performing sealant, where the percentage of drop in tensile load at -30oC

ranged from 85 to 90 and the three sealants experienced adhesion failure. This percentage

reduced slightly with the increase in test temperature, where the percentage of drop in

tensile load at +30oC ranged from 75 to 81. In compression, the percentage of drop in

load ranged from 30 to 50 at -30oC, and increased dramatically to 86 percent at +30oC.

These results showed that these sealants had a very stiff behaviour at temperature -30oC.

Table 2.2 shows the percent of drop in tensile and compressive loads for all sealants.

The second criteria used for sealant evaluation was the developed normal stresses in the

sealants due to applied displacement. The normal strains were calculated by dividing the

measured displacements (AL) for each sealant by the initial thickness of sealant strip (L).

The normal stresses were calculated by dividing the recorded load by the nominal cross-

sectional area of sealant sample (50 mmx50 mm). The hysteresis loops were developed

for each sealant at each test temperature by plotting the strain against the stress. At each

test temperature, sealants were classified into three groups according to their

performance: good, satisfactory, and poor. This classification was based on the following

criteria: initial tensile stresses, the dissipation of stresses with testing cycles, and the

shape of hysteresis loops. These three parameters were used to evaluate the sealant

stiffiress and its performance at each temperature. Table 2.3 shows the classification of

sealants at each test temperature according to the normal stress.
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TABLE 2.2: Percent Load Drop at the End of cyclic Testing (worms 2005)

Percent Load Drop

Sealant at *30"C at OoC at -3OoC

Tension Compression Tension compression Tension Compression

A

B

C

D

E

F

G

H

77.39

8l.25

74.34

55.1 6

52.37

3s.8s

31.55

46.90

80.41

86.37

77.37

49.74

44.76

31.68

28.96

44.14

86.00 I

86.60 1

86.88

58.03

s6.61

70.t2

54.62

63.40

82.46

88.48

90.45

63.76

59.45

70.00

54.43

67.48

87.621

87.t4 I

88.38 1

53.37

45.88

79.97 I

6r.34

67.92

34.24

48.23

42.56

40.80

42.67

43.79

38.60

48.25

Adhesion Failure Noted

The third criteria used for evaluating sealants performance was the surface stress. Due to

the fact that the sealant shape is extending (or contracting) in a curved parabolic shape,

the actual cross-sectional area of sealant sample is smaller (or larger) than the initial state

before applyrng tensile (or compressive) load. This fact was not taken into account in the

stress calculations. Lynch (1996) recommended a mathematical model, developed by

Tons (1959), which accounted for the change in sealant's cross-sectional areabased on

conservation of volume. This mathematical model was used to compute the surface

tensile stress. The average percent difference between theoretical and surface stresses was

t2o/o at +30oC, 7.60/o at 0oC, and 5.2Yo at -30oC. It can be noticed that the percent

difference between the two stresses decreases with the decrease of test temperature. This

condition can be due to the increase of sealant stiffiress which leads to less change in

sealant's cross-sectional area. Table 2.4 shows the classification of sealants according to
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the surface stresses. From Tables 2.3 and 2.4, there is a good agreement between using

normal stress and surface stress in sealants classification.

TABLE 2.3: Classification of Sealants According to Normal Stress (Worms 2005)

Sealant Performance
Sealant

at +30"C at OoC at -30'C

A

B

C

D

E

F

G

H

Poor

Poor

Satisfactory

Satisfactory

Satisfactory

Good

Good

Good

Poor

Poor

Satisfactory

Good

Good

Good

Good

Good

Poor

Poor

Poor

Good

Good

Satisfactory

Satisfactory

Satisfactory

TABLE 2.4: Classification of Sealants According to Surface Stress (Worms 2005)

Sealant Performance
Sealant

at +30'C at OoC at -30"C

A

B

C

D

E

F

G

H

Poor

Poor

Satisfactory

Satisfactory

Satisfactory

Good

Good

Good

Poor

Poor

Satisfactory

Good

Good

Good

Good

Good

Poor

Poor

Poor

Good

Good

Satisfactory

Satisfactory

Satisfactory
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2.5 Adopting Asphalt Binder Characteruation Tests

2.5.1 Bending Beam Rheometer (BBR)

The BBR test comprises a 3 point bending apparatus. The applied load is 980

milliNewton (according to AASHTO standards T3l3) and the maximum deflection is

limited to 5 mm. Al-Qadi et al. (2005) adopted the Bending Beam Rheometer (BBR) test

for evaluating sealants and found that the standard BBR test is not appropriate for testing

soft hot-pour sealants, where the measured deflection exceeded the permissible range of

the apparatus. Al-Qadi et al. (2005) proposed doubling the thickness of the standard BBR

specimen to reduce the specimen deflection. The proposed dimensions for the modified

BBR specimen were 102mm in length, l2.7mm in thickness (replacing 6.35mm for the

standard BBR specimen), and l2.7mm in width. The virtual work method was used to

determine the effect of increasing beam thickness on the contribution of shear deflection

to the total deflection. It was found that the shear deflection contribution increased from

l%o to 4% by doubling the beam thickness. The repeatability of the test results was

checked by testing ten different sealants at -40oC with a minimum of three replicates per

each sealant. The coefficient of variation (COV) for all results was less than T9o/o, and

almost 72Yo of results had a COV less than 10%.

Al-Qadi et al. (2006) adopted the modified BBR test to characterize the performance of

eight hot-pour bituminous sealants. The eight sealants were divided into two groups with

four sealants in each group: stiff sealants, and soft sealants. The stiff sealants were tested

at-4oC and -10oC, while the soft sealants were tested at temperatures -28oC, -34oC,and

-400c.
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Marasteanu and Anderson (2000) introduced an approach to verify the linear viscoelastic

behaviour of asphalt binders tested with BBR. This approach is based on satis$ring two

conditions:

o The measured stiffrress at different load levels remains constant.

o The summation of the measured responses to a sequence of loads should be equal

to the measured response to the summation of these loads (the linear superposition

principle).

This approach was adopted to veriff the linearity of the viscoelastic behaviour of

sealants. Sealants did not satisfy the second linearity condition at all test temperatures,

this could be due to the differences between the composition of asphalt binder and

bituminous sealants.

Creep stiffness at240 seconds, rate of stifûress change (m-value), steady-state creep rate,

and average creep rate were used to rank the tested sealants according to their

performance at low temperature. Creep stiffness at 240 seconds was used for predicting

sealant stiffness after 5 hours of loading according to time-temperature superposition

principle. The 5 hours loading time was selected based on the daily temperature variation

in two field test locations in United States during the winter. A good agreement was

found among these different parameters.

Elseifi et al. (2006) developed a linear viscoelastic constitutive model for the stress-strain

relationship of bituminous sealants at low temperatures ranging from -28oC to -40oC.
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This model was developed by fitting the sealant creep compliance measured by the

modified BBR test to the following mathematical viscoelastic model:

D(t)= P" *ZD, (I- e-'t''¡
i=l

(2.r)

Where:

D(t): Creep compliance at time t,

Do : Glassy creep compliance,

D¡ : Material constant,

"Ei : Relaxation time.

Finite element software (ABAQUS) was used to verify the results. A three-dimensional

model of the modified BBR sample was analyzed, and the viscoelastic properties of

sealant material were defined by creep compliance function. Shear relaxation modulus

was used as a second viscoelastic function to define sealant materiai. Shear relaxation

modulus was represented by Prony series expansion as follows:

K

G(t) =G. - I G, (1 - "-r/tt ¡i=l

Where:

G(t) : Shear relaxation modulus attimet,

Go : Initial shear modulus,

Gi : Material constant,

ri : Relaxation time.

(2.2)

The creep compliance data, measured by modif,red BBR test, were converted to shear

relaxation data using a built-in function in the finite element software with some

assumptions. These data were used to fit the shear relaxation model and define the

magnitude of its parameters.
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A good agreement was found between the measured deflections and the deflections

calculated from the finite element model. According to these results and given that the

sealant behaviour in the linear viscoelastic region, the Prony-series expansion was

suggested as an adequate mathematical model for the stress-strain relationship of

bituminous sealants at low temperatures.

2.5.2 Dynamic Shear Rheometer (DSR)

Lynch and Janssen (1999) charactenzed the viscoelastic properties of silicone sealants by

using Dynamic Shear Rheometer (DSR) test. The DSR test was conducted on six silicone

sealants at temperatures ranging from -30oC to +50oC in 10oC increments and at different

frequencies. The DSR data, complex shear modulus (G.) and phase angle (õ), were used

to construct master curves at selected temperatures. Prony series was used for modelling

the viscoelastic behaviour of sealants. The shear modulus was represented according to

Prony series as follows:

G (t\ ¡/

s (t)-::2=I-l,s! (I- e-'/''¡
R Uo i=l

oo-8töi 
Go

And, for a solid materiai

¡ú

Go=G*+lgt
i=l

(2.3)

(2.4)

(2.5)

Where:
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G (t) : Shear relaxation modulus at time t,

Go : Initial shear modulus,

G- : Shear relaxation modulus at infinity,

gi : Material constant,

T¡ : Relaxation time.

A numerical analysis was conducted for a three-dimensional model for joint sealants. The

model was analyzed by assuming plain strain conditions. The Prony series parameters

estimated from the DSR test results were used to define the properties of sealant material

that are used as input to the finite element software. For elongation up to 25 percent, it

was found that the numerical model can give representative results to the true values.

Masson (2000) found that the rheological properties of bituminous sealant are related to

sealant stiffness and stress relaxation ability at in-service temperatures. The DSR test was

one of the recommended methods to address the rheological profile of sealants.

2.5.3 Direct Tension Tester (DTT)

Zhai and Salomon (2005) used direct tension tester (DTT) to evaluate the low-

temperature performance of bituminous sealants. Six hot-pour and two cold-pour sealants

were evaluated in this study. The DTT was conducted on each sealant in two different

modes. The first test mode was the standard DTT for testing asphalt binders, where the

failure stress and strain were measured at temperature -29o C. For sealants specimens that

did not rupture during the test, the maximum stress was recorded as failure stress. In the

second test mode, the thermal stress was measured by restraining the ends of the DTT

specimen and the thermally-induced stresses due to a temperature drop from 5o C to -30o
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C were recorded. This method simulates the Thermal Stress Restrained Specimen Test

(TSRST). The TSRST is commonly used in evaluating the low-temperature cracking

susceptibility of asphalt paving mixtures.

Thermal stress index (I1) was used to rank sealants according to their resistance to

temperature changes. Thermal stress index was calculated using the following

expression:

Ir =9r-x100
oF

Where:

o1 : the thermal stress at -29o C

op : the failure stress at -29o C

(2.6)

Values of thermal stress index ranged from 0 to 100. The higher value of thermal stress

index means the less ability of sealant to resist temperature change. The thermal stress

index was used to rank hot-pour and cold-pour sealants.

2.5.4 Rotational Viscometer (RV)

Masson and Lacasse (2000) reported some of the mechanisms that explained the adhesion

between bituminous crack sealants and asphalt concrete (AC). These mechanisms were

affected by the sealant viscosity. Adsorption and mechanical interlock theories are

examples of these mechanisms. In adsorption theory, the adhesion strength between a

liquid anda solid is affected by the ability of the liquid to spread over the surface of the

solid material which is function of the viscosity of the liquid material. In mechanical

interlock mechanism, the interlocking is generated by the filling of micro-voids of the
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solid material with the liquid material which is strongly affected by the viscosity of the

liquid material.

Masson et al. (2002) measured the viscosity of hot-pour bituminous sealants using a

Bohlin Visco-88-BV viscometer at installation temperatures. The sealant was stirred for

30 minutes in a closed vessel before testing and the temperature was maintained constant

at 185 + 10 C. Results showed that sealants with viscosity less than 10 Pa.s were self

leveling and were expected to have a good adhesion, while sealants with viscosity greater

that 30 Pa.s were diff,rcult to pour and expected to have a poor adhesion. A good

agreement was found between the sealant viscosity and the field performance of sealant

after one year of installation.

Al-Qadi et al. (2006) addressed the parameters that can affect the measured viscosity of

hot-pour bituminous sealants with Brookf,reld rotational viscometer. These parameters

were: spindle size, spindle speed, test temperature, and waiting time before taking

viscosity measurements. Three sealants with low, medium, and high stiffiress were

selected for a set of pilot tests to determine the appropriate values of these parameters.

These sealants were tested twice using two spindle sizes: SC4-29 (7.6mm diameter) and

SC4-27 (ll.76mm diameter). Results obtained by the SC4-27 spindle were more

repeatable. To address the effect of spindle speed, the viscosity of the three sealants was

measured with different spindle speeds. Spindle speed was changed in ascending and

descending orders. Results showed that sealant viscosity decreases with the increase of

spindle speed. A spindle speed of 60 rpm was recoÍrmend based on these results.
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A waiting time was required to allow for the spindle to stabilize before taking viscosity

measurements. The effect of the waiting time was examined by recording viscosity

measurements at different waiting times. Results showed that the measured viscosity

stabilized after 5 to 10 seconds of spindle rotation. A waiting time of 30 seconds was

suggested to be used. The measured viscosity at significantly longer waiting times was

found to be not representative of the field conditions.

Sealants were tested at the recommended temperature for installation. To address the

effect of changing the installation temperature on sealant viscosity, six sealants tvere

tested at installation temperature and at installation temperature t 1OoC. Results showed

that the viscosity of some sealants are very sensitive to temperature changes. The

viscosity of one sealant was increased by almost 40 percent due to a temperature increase

of l0o C.

2.6 Dynamic Mechanical Analyzer (DMA)

Hot-pour bituminous sealants can be considered elastomeric polymers with viscoelastic

behaviour. Stiffness modulus of a viscoelastic material changes with the change of

temperature and time of loading. The stiffness-temperature behaviour of a bituminous

sealant, as a viscoelastic material, can be divided into four regions (Aklonis et al. 1972,

Rogers et aI. 1999) as shown in Figure 2.2.

At very low temperatures, the sealant material is in the glassy region and is both stiff and

brittle. The behaviour of sealant in this region is best approximated to that of an elastic
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solid. With the increase of temperature, the thermal energy increases until it becomes

capable to overcome the potential energy restricting chain segments from rotation and

translation. At this point, sealant modulus starts to decrease and moves toward the

transition region. In the transition region, sealant modulus decreases rapidly and the

viscous behaviour is noticeable. The width of the transition region varies from 5oC to

more than 20oC. The temperature at which the state of sealant material changes from

glassy (solid) to rubbery is called the glass transition temperafure (Tg). With further

increase ìn temperature, the matenal modulus enters the rubbery plateau region. In the

rubbery plateau region, the modulus changes at a much slower rate compared to the rapid

drop in the transition region. When the temperature reaches the melting temperature of

the material, the sealant tums to a viscous liquid.

Glassy Transition Rubbery Viscous Liquid

I
I

Desired In-i Service Temperature Installation

Range

Temperature

FIGURE 2.2: Stiffness-Temperature Behaviour of a llot-Pour Sealant

Temperature
(A

€
¿
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The glass transition temperature (Te) of a sealant is an important cntena in predicting its

field performance. If the glass transition temperature of a sealant is higher than the in-

service temperature, the sealant material will become very stiff (in the glassy region) and

an increase in sealant cohesion and adhesion failures may occur.

The change of state from rubbery to solid state is associated with a distinct change in the

coefficient of thermal expansion. Glass transition temperature can be considered as the

temperature at which the change in the coeffrcient of thermal expansion occurs (Aklonis

et al. t972). Therefore, glass transition temperature of a material can be determined

experimentally from the coefficient of thermal expansion test.

Glass transition temperature can also be determined from dynamic testing by measuring

the complex modulus of the viscoelastic material at different temperatures. The complex

modulus can be represented by two components: storage modulus (elastic component),

and loss modulus (viscous component). The relationship befween them is as follows

(Figure 2.3):

E* =E'+iE' (2.7)

(2.8)

Where:

: Complex modulus,

: Storage moduius,

: Loss modulus,

= Phase angle,

^E'laftÒ =----
E

E

E.

E"

ô
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Viscous behaviour

E'
FIGURE 2.3: Viscoelastic Behaviour of Sealants

Dynamic mechanical analyzer (DMA) is one of the dynamic tests that can be used to

determine glass transition temperature. Glass transition temperature can be determined

from one of the following relationships (Figure 2.4): tan ð-temperature, loss modulus-

temperature, or storage modulus-temperature. It can be considered as the temperature

corresponding to (Aklonis et al. 1972):

o the peak of tan ô-temperature curve,

o the peak of loss modulus-temperature curve, or

o the intersection of tangents to storage modulus-temperature curye

2.6.1 DMA Test for Bituminous Sealants

Masson used the DMA test for studying the temperature effect on the viscoelastic

properties of bituminous sealants (11). Two bituminous sealants were tested at a

temperature range of -70o C to +50o C. For the first sealant, tan ô curve showed two peaks

at -35o C and -20o C and the transition zone extended from temperature -10o C to

temperature -40o C. For the second sealant, tan ô curve had only one peak at temperature

-35o C with lower amplitude than that for the first sealant and the transition zone

extended from temperaisre -20o C to temperature -50o C.

Elastic behaviour
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FIGURE 2.4: Determination of Glass Transition

Testing

Temperature from Dynamic

2.6.2 DMA Test for Polyurethane Sealants

Rogers et al. (1999) studied the effect of curing time on the glass transition temperature

of polyurethane sealants. Two cold-pour, self-levelling, two-component polyrrethane

sealants were evaluated in this study using the DMA test. Sealant specimens, measuring

10 mm x 35 mm x 4 mm, were tested in a dual cantilever clamp. Specimens were

subjected to oscillating strain at a frequency of 1 Hz and amplitude 10 pm. The'two

sealants were tested at two temperature ranges: from -70o C to +40o C and from -50o C to

+40o C. Temperature was ramped at a rate of 2o C per min.

The tan ô-temperature curves for the two sealants showed one clear peak and the glass

transition temperature of each sealant. For 24 hours curing time, the glass transition

temperatures of sealants A and B were -21.4o c and -48.9" c, respectively.
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3 Research Methodology

3.1 Introduction

In cold climate, joint and crack sealants are subjected to large annual temperature

differential that may exceed +80oC (from -45oC to +35"C). Field evaluation studies

conducted in Manitoba showed that most of sealant failures were adhesion failures.

Adhesion between sealants and pavements is affected by seaiant viscosity during

installation (Masson and Lacasse 2000), the aggregate used in pavement mix (Fini et al.

2006), crack preparation (Evans et al. 1995), and installation procedures (Evans et al.

Iggg). Adhesion failure of sealants also can be due to the high stifûress of sealants and

the sealants' inability to dissipate the tensile stresses generated at low temperature which

lead to build-up of tensile stresses at the sealant-pavement interface. These properties are

related to the fundamental rheological properties of sealants (Masson 2000).

The glass transition temperature is the boundary temperature between the rubbery and

Glassy states of a viscoelastic material. The glass transition temperature (Tg) of a sealant

is an important criteria in predicting its field perfoÍnance. If the glass transition

temperature of a sealant is higher than the in-service temperature, the sealant material

will become very stiff and an increase in sealant failure may occur. The glass transition

temperature of sealants can be evaluated from dynamic testing.

3.2 Tested Materials

Eight hot-pour bituminous sealants were evaluated in this study. Of the eight hot-pour

sealants, two sealants fall under Type I and the remaining six under Type IV according to
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ASTM standard D 6690. The two Type I sealants are labeled as sealant A and sealant B

while the six Type IV sealants are labeled sealants C to H. Table 3.1 lists the material

properties of Type I and Type fV sealants according to the datasheets received from each

manufacturer.

TABLE 3.1: Properties of Sealants (Manufacturer's Datasheets)

Penetration Flow Bond Resilience Asphalt Max. Heating Application

temp. ('C)
Sealant

(l/10 mm) (trun) test (%) compatibility temp. ('C)

Type I Sealants (Bond test at -18'C)

A 80 nil Pass

B 100 3 Max. Pass

Spec. 90 Max. 5 Max. Pass 5 cYcles

limits @50Yo ext.

N/A,

30%

N/A

N/A

Pass

Pass

N/A

204

N/A

185-200

188-199

N/A

Type IV Sealants (Bond test at -29"C)

103 nil Pass

100-150 10 Pass

80%

30-60%

30%

70%

54%

30-60%

60% Min.

Pass

Pass

Pass

Pass

Pass

Pass

Pass

N/A'

204

204

200

200

210

N/A

I 85-200

193-204

1 88-198

170

t70

t93

N/A

r30 3

r20 1

N/A

Pass

G

H

Spec.

limits

120 3 Pass

100-150 i0 Pass

90-150 3 Max. Pass 3 cYcles

@200% ext.

uN/A: not available
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Sealant properties were verif,ted by a certified third-party laboratory and the results of the

verificátion tests are shown in Table 3.2. Datasheets received from manufacturers do not

provide adequate information about the characteristics of the rubber and polymers added

to these sealants.

TABLE 3.2: Properties of Type I and fV llot-Pour Sealants (Verification Tests)

Penetration Flow Bond Resilience Oven Aged Asphalt
Sealant

(1/10 mm) (ttu") test (%) Resilience (%) compatibility

Type I Sealants (Bond test at -18"C)

4672

895 1

Pass

Pass

65

63

82

67

Pass

Pass

Type IV Sealants (Bond test at -29"C)

c952
D 115

E 148

F 116

G 115

H tzl

Pass

Pass

Pass

Pass

Pass

Pass

83

68

71

54

53

72

72

66

68

52

52

72

Pass

Pass

Pass

Pass

Pass

Pass

3.3 LaboratoryEvaluation

Hot-pour bituminous sealants are viscoelastic material. The stiffrress of sealants is

temperature dependent. Sealants are subjected to a wide range of temperatures during

installation and in-service (ranging from +l80oC, or higher, during installation to -40oC,

31



or less, dwing winter). Therefore, more than one test is required for characterizing the

rheological properties of sealants.

The asphalt binder Performance Grade (PG) equipment was utilized in this research to

characterize the rheological properties of hot-our bituminous sealants. Four laboratory

tests were adopted in this research for full charactenzation of sealants, these tests are:

o Rotational Viscometer (RV) test: to evaluate the viscosity of sealants at the

installation temperature.

o Dynamic Shear Rheometer (DSR) test: to characteize the rheological properties

of sealants at moderate at high temperatures.

o Bending Beam Rheometer (BBR) test: to charactertze the rheological properties at

the minimum in-service temperature.

o Dynamic Mechanical Analyzer (DMA) test: to cbancterize the properties of

sealants at low temperatures and evaluate the glass hansition temperature (Te).

The RV, DSR, BBR" and DMA tests can fully characterize the properties of hot-pour

bituminous sealants over the range of temperatures that they are subjected to. Figure 3.1

shows the four tests adopted in this research and the range of temperature that each test

covers.

Sample preparation, test procedures, and results of each test are discussed in chapters 4 to

6. The summary and discussion of these results are presentedin chapter 7.
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4 complex shear Modulus (G.) and vÍscosity of sealants

4.1 Introduction

Dynamic Shear Rheometer (DSR) test is originally developed for testing Performance

Grades (PG) of asphalt binders based on complex shear modulus (G-). DSR test is used

for evaluating binder performance with respect to permanent deformation (rutting) and

fatigue failure criteria. It is conducted on non-aged and Rotating Thin Film Oven (RTFO)

aged binders to assess resistance to permanent deformation, and on Pressure Aging

Vessel (PAÐ aged binders to assess resistance to fatigue cracking.

The DSR test is adopted in this research to characterize rheological properties of sealants

at moderate and high temperatures ranging from *5oC to +64oC.

Sealant Viscosity during installation is one of the factors that affect the adhesion between

sealants and pavement walls (Masson and Lacasse 2000). Rotational Viscometer (RV)

test is used for evaluating the viscosity of asphalt binders as one of the requirements of

Performance Grade classification system. The rotational viscometer test is utilized in this

study to measure the viscosity of sealants at the installation temperature recommended by

the manufacturers.

This chapter introduces testing procedures and results of DSR and RV tests (Figure 4.1).
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4.2 Dynamic Shear Rheometer (DSR) Test

4.2.1 Sample Preparation

The DSR test was conducted on the eight hot-pour sealants involved in this study.

Representative samples were taken for each sealant by taking three top-to-bottom slices

from three locations in each sealant block. The middle parts of these three slices were

combined and heated to the installation temperature recommended by the manufacturers,

and then used for preparing test specimens. The 25.0 mm diameter plate was adopted for

Glassy
(Solid)

Glass Transition
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DSR test at all temperatures with a 1.0 mm gap. Figure 4.2 shows the Bohlin DSR

apparatus used in this research.

Before placing the specimen in the DSR apparatus, the gap is adjusted to be 1.0 mm plus

an extra 0.05 mm. The heated sealant is poured in a mold to form a sealant disk, and then

this disk is placed between the fixed and oscillating plates of the DSR apparatus. The

sealant specimen is trimmed to be flush with the plates' edge and the oscillating plate is

lowered by 0.05 mm to get exactly 1.0 mm gap. The specimen shape is slightly bulged as

indicated in Figure 4.3.

4.2.2 Verification of Linearity

A sinusoidal strain was applied to the sealant specimen with frequency 1.5 Hz. Pilot tests

were conducted on selected sealants to select the appropriate strain amplitude . Sealants

were subjected to different strain amplitudes and temperatures to verify that the measured

complex shear modulus is in the linear viscoelastic region. The measured complex shear

modulus is considered in the linear viscoelastic region if the drop in the shear modulus,

with the increase of the strain amplitude, is less than 5o/o (Marasteanu and Anderson

2000).

Based on the pilot tests, the strain amplitude was selected to be 2o/o for test temperatures

ranging from +5oC to +40oC and 4o/o for test temperatures ranging from *46oC to +64oC.

Figure 4.4 shows an example of the results of pilot tests conducted to select the

appropriate strain amplitudes.
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FIGURE 4.2:The DSR Apparatus
Fixed Plate

Specimen

, 25mmrT

Oscillating Plate
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FIGURE 4.4: Linearity Check for Sealants (Ð and (tI) 
^t+64"C

4.2.3 Complex Shear Modulus (G.) and Phase Angle

Sealants were tested at temperatures ranging f¡srn *5oC to *64oC. A water bath was used

to control specimen temperature. Ten minutes waiting time was allowed for specimen

temperature to equilibrate. At each test temperature, the sealant specimen was subjected

to ten conditioning cycles followed by another ten cycles for obtaining test resuits. At

temperatures ranging from *5oC to +16oC, the2o/o strain couldnotbe achieved for stiff

sealants (4, B, and C), where the stress that can be applied by the DSR appartus to the 25

mm specimen is limitedto3228Pa.

Figure 4.5 and Table 4.1 show the complex shear modulus (G.) obtained from the DSR

test. Sealants A and B have G* higher than 1200 KPa at +5oC. At the same temperature,

sealants H, G and E have G* less than 200 KPa. Sealants A and B were more susceptible

t00

Mro
fl

38



to temperature change than the other sealants. The shear modulus of sealants B and A

dropped by 556.2 and 450.10 KPa, respectiveiy, with the increase of temperature from

+5oC to +10oC.

TABLE 4.1: Complex Shear Modulus (G*) for the Tested Sealants

G. (KPa)
Sealant

+50c +34.C +64C

A

B

C

D

E

F

G

H

tztr

1249

494

365.8

175.1

288.8

158.1

189.4

r04

58.0

63.4

40.3

23.0

30.1

20.9

19.3

t7.t

6.1

15.1

5.2

4.2

5.3

4.0

3.3

Figure 4.6 shows the measured phase angles for the tested group of sealants. The

measured phase angles ranged fuom 23 to 48 degrees and they were not sensitive to the

test temperature in the range of +5oC to +64oC.
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4.3 Rotational Viscometer (R\) Test

A Brookfield viscometer was used to measure the viscosity of sealants at the installation

temperature. The viscosity of the test group of sealants was measured at +180oC. This

temperature \ryas selected based on the recommended application temperatures in the

manufacturer datasheets. Tests were conducted using spindle number 27 with a speed of

50 rpm. The number 27 spindle and spindle speed of 50 rpm were found to give more

repeatable results (Al-Qadi et aL.2006). AASHTO standards T316 were followed for the

other test procedures. Figure 4.7 shows the Brookfield viscometer and the number 27

spindle.
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Spindle number 27

FIGURE 4.7 : The Brookfield Viscometer

Table 4.2 shows the measured viscosity for the test sealants at *l80oC. Form Table 4.2,

sealants A and G have the highest and lowest viscosity (3.1 and 0.94 Pa's), respectively'

The viscosity of sealant A is more than three times the viscosity of sealant G. The tested

sealants can be divided to three $oups according to the clustering of their viscosity at the

installation temPerature:

o Sealants with low viscosity: sealants F, G, and H with viscosity ranging from 0'94

to 1.10 Pa.s
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Sealants with moderate viscosity: sealants B, C, D, and E with viscosity ranging

from I .53 to I .97 Pas which represents 150% to 200%o of the viscosity of the first

gfoup

Sealants with high viscosity: sealant A with viscosity 3.1 Pa.s which represents

150% to 300o/o of the viscosity of the first and second groups.

TABLE 4.2: Viscosity at Installation Temperature (+180oC)

Sealant Viscosity (Pa.s)

A

B

C

D

E

F

G

H

3.10

1.97

1.85

1.94

1.s3

1.05

0.90

1.10
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5 creep stiffness and creep Rate at Low Temperatures

5.1 Introduction

Bending Beam Rheometer (BBR) test is originally developed for testing Performance

Grades (PG) of asphalt binders. BBR test is used for evaluating low-temperature

properties of binders based on creep stiffness (,5) and creep rate (m-value). BBR test is

adopted in this research to characterizethe rheological properties of hot-pout bituminous

sealants at low temperature. This chapter introduces testing procedures and results of the

BBR test conducted on sealants (Figure 5.1). The correlation befween BBR test results

and field performance is discussed in chapter 7.

&
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FIGURE 5.1: Evaluation of Sealants Using BBR Test
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5.2 Tested Materials and specimen preparation

The eight hot-pour sealants, involved in this study, were evaluated using BBR test.

Representative samples were taken for each sealant, by taking three top-to-bottom slices

from three locations in each sealant block. The middle parts of these three slices were

combined and heated to the installation temperature recommended by the manufacfurers,

and then used for preparing the BBR test specimens. The heated sealant was poured in a

rectangular aluminium mold. Mold sides and base were covered with wax paper. A mix

of glycerine and talc was used as a releasing agent for the end pieces of the mold. The

excess sealant material was removed using a hot knife to obtain a smooth and leveled

surface. The final dimensions of the sealant specimen were 12.5 mm in width, I25 mmin

lengtlr, and 6.25 mm in thickness. Before demolding the sealant specimen, the mold was

placed in a freezer for 10 minutes. Figure 5.2 shows the BBR test specimen.

FIGURE 5.2: BBR Test Specimen
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5.3 Test Setup

Canon instruments BBR apparatus is used in this study. The BBR apparatus was

calibrated using a reference specimen before starting the actual tests. Alcohol cooling

bath was used for controlling specimen temperature and reaching temperatures lower

than 0oC. The BBR test was conducted at -30oC for all sealing materials. Sealant beams

were conditioned in the BBR cooling bath for 60 minutes at -30oC prior to testing.

Figures 5.3 and 5.4 show the BBR apparatus and the conditioning of sealant beams.

The test load is applied to the midpoint of the simply-supported sealant beam. The

distance between beam supports is 102 mm (Figure 5.5). The sealant beam is subjected to

a series of conditioning loads before applyrng the test load. First, sealant beam is

subjected to a 30 mN (milliNewton) preload to ensure a firm contact between the beam

and the supports. A seating load of 980 mN is then automatically applied by BBR

software for one second. After this step, the load is reduced to the preload level for a

recovery period of 20 seconds. The actuai test load is applied after the 20 seconds

recovery period.

The BBR apparatus is limited to a maximum applied load of 3900 mN and a maximum

stroke of 5 mm. Due to the softness of tested sealants, the standard test load (980 mN)

was replaced by a lower load level. A 500 mN load was used to test sealants A, B, C, and

F while a 200 mN load was used to test sealants D, E, G, and H. These values were

chosen based on pilot tests on each fype of sealants with the aim to maintain a smooth
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time-deflection curve with a maximum deflection less than 5 mm and ensure the

repeatability of the test results.

FIGURE 5.3: Canon Instruments BBR Apparatus

FIGURE 5.4: Conditioning of Sealant Beams
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Load
Sealant Specimen
Dimensions (mm)

Load Amolitude Test
---- -----r------'I'emperature

500 mN
(stiff sealants)

-30"c

12.5 in Width
6.25 n Thickness
125 inl.ength Sealant Specimen

FIGURE 5.5: BBR Test Setup

The load dependency of sealants \ryas checked by applying multiple load levels to test the

same sealant. Figures 5.6 (a) and (b) show the creep stiffrress (5) and m-value,

respectively, for sealant G obtained from BBR test at three load levels (200 mN, 250 mN,

and 300 mN). The 300 mN load represents 150% of the load level used in testing sealant

G. Figure 5.6 (a) shows that the creep stifftess is independent of load level within this

range of loading, and Figure 5.6 (b) indicates that m-vahte remained within the linear

region for the load level used in the test.

200 mN
(soft sealants)
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5.4 Test Results

Four replicates were tested for each sealant at -30oC. The BBR software calculates creep

stiffiress (^1) and creep rate (m-value) at different time steps from the measured

deflections. Figures 5.7 to 5.14 show creep stiffness versus time on log scale for the

tested group of sealants.
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FIGURE 5.7: Creep Stiffness versus Time for Sealant (A)
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5.5 Analysis of Results

The mean value was recorded for S and m at 60 seconds (^Søo and m6s). Table 5.1 shows

the average values of Søo and m66 and their coefficient of variation (CO\) for each

sealant. From Table 5.1, the COV for creep stiffiress is less than 5Yo for all sealants

except sealant D. The COV for m-vahre is less than2o/o for all sealants.

To maintain adequate adhesion at low temperatures, sealants should not have high

stiffness and should be able to dissipate the tensile stresses. These criteria can be

evaluated by using 56¿ and m66 values from BBR test. Sealants with good perforrnance

should have low ,Sro and high m6s values, and vice versa.
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Ê{

ä to.oo
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Figure 5.15 compares the creep stiffuess of all sealants. From Figure 5.I4,theeighttested

sealants are divided to two groups according to creep stiffrress ,56¿. The first group of

sealants (D, E, G, and H) has iow creep stiffness, while the second group of sealants (4,

B, C, and F) has much higher creep stiffness. A threshold value of ,Søo equals to l0 Mpa

can be used to distinguish between the two groups of sealants.

TABLE 5.1: Creep Stiffness and, m-Yalue after 60 Seconds at -30"C

,56¿ (MPa)

MeanValue COV (%) Mean Value COV (%)

A

B

C

D

E

F

G

H

1.40

3.52

3.94

7.17

3.15

2.43

2.77

5.00

21.00

16.17

16.53

7.98

5.88

17.88

9.00

6.86

0.369

0.391

0.371

0.4t4

0.422

0.397

0.414

0.480

1.83

0.26

0.47

t.t2

1.55

0.73

1.51

0.45

COV = Coefficient of variation
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6 Glass Transition Temperature and Dynamic Nlodulus

6.1 Introduction

The glass transition temperature (Tg) of a sealant is an important criteria in predicting its

field performance. If the glass transition temperature of a sealant is higher than the in-

service temperature, the sealant material will become very stiff (in the glassy region) and

an increase in sealant cohesion and adhesion failures may occur. The change of state

from rubbery to solid state is associated with a distinct change in the coefficient of

thermal expansion. Glass transition temperature can be considered as the temperature at

which the change in the coefficient of thermal expansion occurs. Therefore, glass

transition temperature of a material can be determined experimentally from the

coefficient of thermal expansion test.

Glass transition temperature can also be determined from dynamic testing by measuring

the complex modulus of the viscoelastic material at different temperatures. Dyramic

mechanical analyzer (DMA) is a dynamic test that is used for characterizing the

viscoelastic properties of polymers at temperatures ranging from -l00oC to +100oC.

DMA test is adopted in this research to evaluate the glass transition temperature and low-

temperature stiffness of sealants.

The correlation between DMA test results and field performance is discussed in chapter

7.
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FIGURE 6.1: Evaluation of Sealants Using DMA Test

6.2 Tested Materials and specimen Preparation

A representative sample was taken from each sealant block and heated in an oil bath to

the installation temperature recommended by the manufacturer. The dimensions of the

sealant specimen were 10 mm in width, 60 mm in length, and 4 mm in thickness. Figure

6.2 shows the dimensions of the mold and Figure 6.3 shows the assembled mold before

and after pouring the heated sealant. 
'Wax paper and a mix of glycerine and talc powder

were used for preventing sealant from bonding to the mold. The excess sealant material

was removed by a hot knife to obtain a smooth and leveled top surface. Before demolding
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the sealant specimen, the mold was cooled to a temperature of -20oC to avoid tearing or

deforming the specimen.

"ou"{

@"

FIGURE 6.2: Dimensions of the Specimen MoId

b) Sealants poured into the mold

FIGURE 6.3: Preparation of Sealant Specimen
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6.3 Test Setup

The DMA test was conducted using a TA instruments DMA 2980 apparatus and a dual

cantilever loading clamp. Before testing, a calibration was conducted for the clamp mass

and modulus using a standard metal specimen made from the same clamp material.

Liquid nitrogen was used for cooling the specimen below room temperature. Figure 6.4

shows the calibration process of the clamp and the test setup.

Sealant specimens were subjected to a sinusoidal strain with amplitude of 5 ¡rm and

frequency of 1 Hz. The DMA test was conducted in the temperature-sweep mode with a

temperature ranging from -70oC to OoC and a ramp rate of 2oClminute. Each specimen

was conditioned first to a temperature of -50oC before mounting it to the clamp.

t̂r
/././,/. U .J,r/,

Sealant Specimen
Dimensions (mm)

Strain
Amplitude

Test
F reouencv 'l'emperature

7772 
T- 

v77]

Sealant Specimen

l0 in V/idth
4 in Thickness
60 in Length

5 Um lHz -70oC to OoC

Calibration Specimen

Dual Cantilever Clamp

FIGURE 6.4: Dual Cantilever Clamp and Test Setup
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A waiting time of 7 minutes was allowed for specimen temperature to equilibrate before

starting the test. Two specimens were tested for each sealant and the results of both

specimens were averaged.

The criteria for setting the strain amplitude (5 Um) were based on ensuring that all

materials remained in the linear viscoelastic zone throughout the tests. Sealant E (soft

sealant) and Sealant A (stiff sealant) were tested at different strain amplitudes ranging

from 2 pm to 10 pm. Results of these tests showed that the 5 trtm strain amplitude is

adequate for both stiff and soft sealants. Figures 6.5a and 6.5b show the storage modulus

(E') and loss modulus (E") for sealant A and E, respectively, measured at different strain

arnplitudes; while Figures 6.6a and6.6b show tan ô (E"/ E') for both sealants. Test results

showed higher noise at strain amplitudes lower than 3 pm'

6.4 Test Results

Storage modulus (E'), loss modulus (8"), and tan ô (8"/ E') were recorded at temperatures

ranging from -70oC to OoC for each of the tested sealants. Data was collected at arate of T

reading per second. For each sealant, the results of the two tested specimens were

averaged. Figures 6.7 to 6.13 show storage modulus, loss modulus, and tan ð for the

tested sealants.
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6.5 Analysis of Results

6.5.1 Storage Modulus (E')

Figure 6.14 shows the storage modulus for the tested sealants drawn on normal and

logarithmic scales. Although the modulus values are low at temperatures ranging from

-30oC to OoC, the variability of the modulus spans multiple orders of magnitude. Sealants

C and B showed the highest rates of the increase in modulus with the decrease of

temperature while Sealant H had the lowest.

The storage modulus (E') was adopted as an indicator for low-temperafure stiffness of

sealants. For temperatures ranging from -40oC to OoC, Sealants A and H have the highest

and lowest storage modulus, respectively. Table 6.I shows storage modulus at

temperature -40oC for the tested sealants. The ability of a sealant to dissipate stresses is

governed by the low-temperature stiffness (Marasteanu 2004). Therefore, Sealant H is

expected to be more capable of dissipating stresses than Sealant A and to have better field

performance at low temperatures.

TABLE 6.1: Storage Modulus at -40oC

Sealant E'(MPa)

A

B

C

D

E

G

H

1075

810

830

670

595

540

365
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6.5.2 Loss Modulus (E")

The glass transition temperature (TÐ of a sealant can be estimated from the loss modulus-

temperature curve, where it is the temperature corresponding to the peak of the loss

modulus (Aklonis et al. 1972). Figure 6.15 shows the loss modulus for the tested sealants

drawn on normal and logarithmic scales. Table 6.2 shows the glass transition temperature

of the tested sealants estimated from the loss modulus-temperature curve. Sealants A and

H have the highest and lowest glass transition temperature (-39.5 and -55.C),

respectively, while the glass transition temperafure for the remaining sealants ranged

from -45'C to -48.5"C.

The glass transition temperature is an important factor in determining the compatibility of

a sealant to certain climatic conditions. A sealant should not be expected to perform

adequately in cold climates at temperatures close to or lower than its glass transition

temperature. According to T, values in Table 6.2, Sealant H is expected to have a better

field performance in cold climates than other sealants.

Due to the complex composition of hot-pour bituminous sealants which are a blend of

several viscoelastic materials that have different Trs, the glass transition temperature

obtained from DMA test is not considered an exact value. Sealants should be selected

such that the glass transition temperature is lower than the minimum in-service

temperatureby arange of lOoC to 15oC.
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TABLE 6.2: Glass Transition Temperature (Tg)

Sealant Te ('C)

-39.5

48.5

46.0

47.0

46.0

-45.0

-55.0

6.5.3 Phase Angle (ô)

Figure 6.16 shows the phase angles for the tested sealants calculated from tan õ (E"/E').

The glass transition temperature could not be estimated from tan ô-temperature curve for

several sealants because no distinct peaks were detected. This condition can be athibuted

to the complex composition of hot-pour bituminous sealants which are a blend of several

viscoelastic materials that have different Trs.

The phase angle of sealant A at -40oC is llo, while the phase angle for the remaining

sealants ranged from 20o to 22o. Sealant A maintained a lower phase angle than other

sealants with the increase of temperature. With the increase of temperature, the phase

angles of sealants E, G, and H increase at a higher rate than the remaining sealants. The

phase angle of sealant H is 47.5. at OoC.

A

B

C

D

E

G

H

74



400

350

300
(d

Êr

þ. zso
=t!
Ø

Ë 200

l, tso
oJ

100

50

0

-80 -70 -60 _50 _40 _30

Temperature (oC)

a) Loss modulus (Normal scale)

o Sealant A o Sealant B

o Sealant C ¿ Sealant D

's- SealantE -"o-- SealantG

---r-- Sealant H

?ôoooooo,
ïÊffiffic:

ItrCE¡EF¡-

%mm

ia¿¿r¿.ÀïY
,**B&AFE,_r¡iirr

)@goev'

'å:""" 1

,"':"'..
'¡Ð -o^

'"1ït:o
t" v, ao
lq/' ':;:"'""-¡ þ.Lsrlo

I
L

-50 -40
Temperature (oC)

b) Loss modulus (Logarithmic scale)

FIGURE 6.1"5: Loss Modulus for the Tested Sealants (Normal and Logarithmic
Scales)

-10-20

1000

/ìp. 100

f!
Ø

ã-U
o
à
Ø310

Fì

-10-20-70

OO
>sFEoJ -O tr

o Sealant A o Sealant B

s Sealant C a Sealant D

--¿-'SealantE e SealantG

---r-- Sealant H

'oooooo qû- tr
o

tr
tr

çtr
ot

_ô

¡òà

À
Â

J

o
o

Âa¡Á

¿À*G

! +Ef;-q,ì Þ.t *s., (

^^år

!o.o
!goE

.ù¿¿rå.¿ó 6^(

otlooo"

,rrl.... ¿*À 9o'!,ø.t' 
oo.

+\À ovt6@eStgl ¡ ¿.q3 É'¡ ;4q'1
I 'v o¡| ",ì

o
o

6^ oo
qì
aa¡¡ì

i.:ô o
€nùo o

'. 6..,oo-¿ õ*Fà- oô
-o

-'**lW#tu;
oo^^
'eniY9oo¡

75



50

45

40

ã' 35()--
()
!

ÄsoiJ
rÞ
p25
òo

Íro
(g

ñrs
t0

5

0

-80 -70 -60 _50 _40 _30

Temperature (oC)

FIGURE 6.16: Phase angle (ô) for the Tested Sealants

-10-20

_rJ
***r¿Rl

¡F

g +.-
. ¿À*

.1"-.sd !l*?ã*"** "

Â

"É¡
H*t* ^a€

\ 
^.¡!iË?ô 

cJ

, A 
^¿:r1Â44aF*õtrrr

iHõorrooo +øedtË
- ^oo

tSu""-

¡ oooo"
,ooot

ooj
oo-

--n.t^ti
oooo

o Sealant A o Sealant B

o Sealant C a Sealant D

'-¿ Sealant E e Sealant G

--r-- Sealant H

|!õõõçõo iåüffiä: looooo

76



7 Characterization of Sealants and Selection Indicators

7.1 Proposed Test Protocol for Full Characterization of Sealants

Sealants are subjected to a wide range of temperatures during installation and in-service.

This range of temperatures could vary from +180oC, or higher, (average installation

temperature of sealants) to -40oC, or less, (in-service temperature during winter). The

field performance of sealants is affected by their rheological properties at installation and

in-service temperatures (Masson 2000). The state of sealant material changes with

temperature variation from a viscous liquid at high temperatures to an elastic solid at very

cold temperatures. Therefore, more than one testing mode is required to evaluate the

rheological properties of sealants at installation and in-service temperatures.

Figure 7.1 shows the proposed test protocol for full laboratory characterization of

sealants performance. Four testing methods were adopted in this test protocol:

o Rotational Viscometer (RV): to characterizethe rheological properties of sealants

at installation temperature

o Dynamic Shear Rheometer (DSR): to charactenze the rheological properties of

sealants at moderate in-service temperatures.

o Bending Beam Rheometer (BBR): to charactenze the rheological properties of

sealants at low in-service temperatures (minimum in-service temperature).

o Dynamic Mechanical Analyzer (DMA): to characterize the rheological properties

of sealants at low in-service temperatures.
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The major advantage of using these testing methods is that the equipment is readily

available in asphalt binder and polymer characterization laboratories and the procedures

are familiar to laboratory technicians . Table 7.7 shows a comparison of testing

procedures for RV, DSR, BBR, and DMA tests.

7.2 Laboratory-Based Performance Indicators for Sealants

7.2.I Viscosity at Installation Temperature

Viscosity of sealants at installation temperature is one of the factors that affect the

adhesion shength between sealants and pavements (Masson and Lacasse 2000).

Adsorption and mechanical interlock theories are two examples of the mechanisms that

explain the adhesion between bituminous sealants and asphalt concrete pavements. In

adsorption theory, the adhesion strength is affected by the abllity of the sealant to spread

over the surface of the pavement joint (crack). ln mechanical interlock mechanism, the

interlocking is generated by the filling of micro-voids of the pavement joint (crack) with

the sealant. kr both mechanisms, the adhesion strength is strongly affected by the

viscosity of the sealant at installation temperature.

Figure 7.2 shows the viscosify of the eight sealants at *180oC measured by Rotational

Viscometer. Sealants A and G have the highest and lowest viscosity (3.1 and 0.94 Pa.s),

respectively. The viscosity of sealant A is more than three times the viscosity of sealant

G. The tested sealants can be divided to threç groups according to the clustering of their

viscosity at the installation temperature:
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laboratory performance indicators
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suitable this region

Recommend the suitable
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FIGIJRE 7.1: Proposed Test Protocol for Full Characterization of Sealants
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TABLE 7.1: Comparison of Testing Procedures for RV, DSR, BBR, and DMA Tests

Test Specimen Shape

RV Liquid

Specimen

Dimensions

(mm)

DSR Circular disc

BBR Rectangular beam

N/A "

Test Setup

25 in Diameter

1 in Thickness

DMÄ Rectangular beam

I Spind

<lÞ

ü

12.5 in Width

6.25 inThickness

125 in Length

'Load lStrain
Loading Mode

Amplitude

N/A = Not Applicable

Constant shear Spindle speed

strain 50 rpm

l0 in Width

4 in Thickness

60 in Length

Oscillating

shear strain

Test
F recuencv

Temperature

Creep under

constant load

2%

N/A.

4%

500 mN

(stiff sealants)

Oscillating

bending strain

1.5 Hz

+190"c

200 mN

(soft sealants)

l.5Hz

+5oC to +40oC

+460C to 640C

N/A "

5um

-300c

IHz -70oc to OoC
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Sealants with low viscosity: sealants F, G, and H with viscosity ranging from 0.94

to 1.10 Pa.s

Sealants with moderate viscosity: sealants B, C, D, and E with viscosity ranging

from 1.53 to I.97 Pa.s which represents 150% to 200o/o of the viscosity of the f,rrst

group

o Sealants with high viscosity: sealant A with viscosity 3.1 Pa.s which represents

150% to 300o/o of the viscosity of the first and second groups.

Based on viscosity only and neglecting the effect of other factors, the first group of

sealants (F, G, and H) is expected to have better adhesion to pavement than the other two

groups.

FIGIIRE 7.2: TIne Viscosity of the Tested Group of Sealants at +180oC
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7.2.2 Creep Stiffness andm-vafue

Adhesion failure of sealant can be due to high stiffness of seaiant and the sealant's

inability to dissipate the tensile stresses generated at low temperature which iead to build-

up of tensile stresses at the sealant-pavement interface. These properties are related to the

fundamental rheological properties of sealants at low temperatures which can be

evaluated by the BBR test (Masson 2000). The BBR test is used for determining creep

stiffness and rate of change in creep stiffrress (m-vafue). Creep stiffriess and m-value are

correlated to the ability of asphalt binders (bituminous material) to dissipate thermal

stress (Marasteanu 2004).

Creep stiffrress (S) and m-vahe were measured at -30'C. It is assumed that S at

temperature T after two hours equal to ,S at temperature (T+10) after 60 seconds,

according to the time-temperature superposition principle (Asphalt Institute 1995).

Therefore, 
^56¿ 

and m6ç càtr be taken to represent creep stifûress and m-value after two

hours of loading at -40"C. Figures 7.3 and 7.4 show Soo and tn6ç, raspactivel¡ for the

tested group of sealants. The eight tested sealants are divided into two groups according

to creep stiffiress ,Sø0. The first group of sealants (D, E, G, and H) has low creep stiffiress,

while the second group of sealants (4, B, C, and F) has much higher creep stiffriess. A

threshold value of 560 equals to 10 MPa can be used to distinguish between the two

groups ofsealants.

The tested sealants can be divided to three groups according to the clustering of theit møo

values:
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o Sealants H with m6s eeuals to 0.48

o Sealants D, E, and G withmøo ranging from 0.414 to 0.422

o Sealants A, B, C, and F møo ranging from 0.369 to 0.397.

Sealants with low creep stiffness and high m-value are expected to be capable of

dissipating thermal stresses and have good field performance.

Al-Qadi et al. (2006) used creep stiffiress at 240 seconds (Suo), m-value at 240 seconds

(muo), creep rate at 240 seconds, and average creep rate to evaluate sealant performance

at low temperature. Creep stiffness at 240 seconds was used to predict sealant stiffiress

after 5 hours of loading, according to time-temperature superposition principle, where the

daily temperature variation in the two locations involved in this study during the winter

showed that sealants may be subjected to tensile strain for 6 to 10 hours during the day.

Table 7.2 shows the values of S2as, tn24s, àyatã,ge creep rate, and creep rate at240 seconds

for all sealants calculated from the BBR results compared with the BBR parameters used

in this paper (Søo and m6s).Itwas assumed that the creep rate at240 seconds equals to the

secondary (steady state) creep rate and its value will not be affected by using different

testing loads. Figure 7.5 (a) shows a comparison between Soo and 52a6, whlle Figure 7.5

(b) shows a comparison among the different parameters that can be used for evaluating

creep rate. In Figure 7.5, eachparameter was noñnalized by the maximum value obtained

for this parameter for the tested group of sealants. Figure 7.5 illustrates that there is a

good agreement between the BBR parameters used in this study (Søo and m6s) and the

parameters proposed by Al-Qadi et al. (2006) which are Suo andm2as.

83



cl
F<
5ls
o

U)

8loo
L
U

DE
Sealant Label

FIGIJRE 7.3: Creep Stiffness after 60 Seconds of Loading at -30oC

0.6

ABCDEF
Sealant Label

FIGURE 7.4: m-value after 60 Seconds of Loading at -30oC

0.414 0.422 0.414

84



Marasteanu (2004) found that for asphalt binder there is a non-linear relationship between

m-valte and rate of stress relaxation when m-value is greater than 0.30 and that a higher

m'value binder may perform better in cold climates when the temperature remains low

for extended periods, which is the case at the test site. Further research need to be

conducted to study the relationship between m-value and rate of stress relaxation for

sealants.

TABLE 7.2: Stiffness at 240 sec, rz-value at 240sec, Average Creep Rate, and Creep

Rate at 240 sec for All Sealants

Suo
Sealant Ívtzto

(MPa)

Average Creep Creep Rate at240 sec

Rate (mm/Sec) x t0-3

A

B

C

D

E

F

G

H

t2.43

9.2s

9.78

4.40

3.24

10.10

5.04

3.47

0.386

0.4t2

0.389

0.445

0.439

0.424

0.422
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0.364

0382

0.350

0.410

0.416
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0.485

5.48

1.31

5.92
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8.20
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7.57

9.20
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7.2.3 Glass Transition Temperature (Tr) and Low-Temperature Stiffrress

The glass transition temperature is an important factor in determining the adequacy of a

sealant to certain climatic conditions. A sealant should not be expected to perform

adequately in cold climates with temperafures lower than its glass transition temperatures.

Where at these temperatures, the sealant material will become very stiff (in the glassy

region) and an increase in sealant cohesion and adhesion failures may occur.

Figure 7.6 shows the glass transition temperature for the tested sealants. Sealants A and

H have the highest and lowest glass transition temperature (-39.5 and -55'C)

respectively, while, the glass transition temperature for the other sealants ranged from

-45"C to -48.5'C. According to the values of T, in Figure 7.6, Sealant H is expected to

have a better field performance in cold climates than the other sealants.

Due to the complex composition of hot-pour bituminous sealants which are a blend of

several viscoelastic materials that have different Trs, the glass transition temperature

obtained from DMA test can not be considered a precise value. Therefore, it is important

to ensure that the minimum in-service temperature is 10'C to 15"C higher (warmer) than

the glass transition temperature. This difference guarantees a good field perforrnance.

The T, for Sealant H is lower than the in-service temperature by T4C and it is the only

sealant that has a good field performance (2o/o failure rate). The Trs for the other sealants

are either lower than the in-service temperature by 4'C to 7.4"C or higher than the in-

service temperature by 1.5'C, and they have fair to poor field performance (290/o to 70Yo

failure rate).
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Figure 7.7 shows the storage modulus at -40"C for the tested sealants. Sealants A and H

have the highest and lowest storage modulus. The ability of a sealant to dissipate thermal

stresses is governed by its low-temperature stiffness (Marasteanu 2004). Therefore,

Sealant H is expected to be more capable of dissipating stresses than the other sealants

and to have better field performance at low temperatures.

FIGURE 7.6: Glass Transition Temperature (Tr)

7.2.4 Stiffness at Moderate Temperatures and Temperature Susceptibility

The complex shear modulus (G-) was evaluated for the tested group of sealants using

DSR test at temperatures ranging from +5oC to +64oC. Figure 7.8 shows the complex

shear modulus at +5oC, +34oC, and +64oC. The complex shear modulus at *5oC can be

used as an indicator for sealant stifûress at moderate temperatures.
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FIGURE 7.7: Storage Modulus at -40oC

Sealants can be classified to three groups according to the clustering of their shear

modulus values at *5oC:

o Sealants with low stiffrress: sealants E, G, and H with shear modulus ranging from

158.1 KPa and 189.4 KPa

Sealants with moderate stiffiress: sealants C, D, and F with shear modulus ranging

from 288.8 to 494 KPa which represents 152% to 3I2o/o of the shear modulus of

the first group

Sealants with high stiffrress: sealants A and B with complex shear modulus equal

to T2l1 KPa and 1249 KPa, respectively, which represents 800% of the shear

modulus of the first group
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Temperature susceptibility (fÐ indicates the sensitivity of sealant stiffiress to

temperature change. Figure 7.9 shows the absolute values of the slope of the tangent to

G*-Temperature curye at temperature *7.5"C, where this slope presents the average rate

of decrease in sealant stiffness due to increase in temperature (ZÐ. The average rate of

decrease in sealant stiffüess was calculated at +7.5"C to represent the susceptibility of

sealants to temperature variation during spring and fall seasons as pavements are

subjected to high temperature variation during the day.

Sealants A and B were significantly more susceptible to temperature variation than other

sealants. Sealants can be classif,red to three groups according to the clustering of their

shear modulus values at +5oC:

c Sealants with low temperature susceptibility: sealants E, G, and H with an average

rate of decrease in shear stifûress ranging from 10.20 to I2.50KPa / "C

o Sealants with moderate temperature susceptibility: sealants C, D, and F with an

average rate of decrease in shear stiffiress ranging from 20.30 to 33.7 l(Pa I "C

o Sealants with high temperature susceptibility: sealants A and B with an aYerage

rate of decrease in shear stiffness equal to 88 and 108 KPa / "C, respectively.

Neglecting the effect of other factors, Sealants with low temperature susceptibility are

expected to have better field performance.
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7.3 Correlation between Laboratory-Based Performance Indicators

and Field Performance

Manitoba Transportation and Government Services (MTGS) started a field study in 2004

to evaluate the field performance of joint and crack sealants (Worms 2005). The test

section was located in an asphalt concrete (AC) major highway. The pavement in the test

section consists of a 100 mm thick, four years old AC overlay placed over a 16 mm

existing AC pavement on granular base. The total pavement width, including paved

shoulders, is 9.20 m. Pavement in test location is subject to severe temperature changes,

where the maximum and the minimum air temperatures during the last five years were

+36o C and-4lo C respectively. The laboratoryperformance of the sealants used in this

study should be evaluated at these temperatures, since they represent the extreme

temperatures that sealant experiences during the year.

Sealants were applied to longitudinal and transverse cracks of the test section in 2004.

Sealants were inspected in 2005 after one year, and in 2006 after two years. Inspections

of transverse and longitudinal sealed cracks were made in early spring when adhesion

failures can be visually observed. The rate of failure was calculated for each sealant by

dividing the length of failed cracks by the total length of sealed cracks with this sealant.

Figure 7.10 shows the rate of sealants failure after two years of sealants application. The

rate of failure was calculated for transverse cracks only. Transverse cracks are mainly

caused by thermal contraction of pavements and they are subjected to movement of

pavements due to contraction and expansion. Sealant A showed the highest failure rate

(70%), while, sealant H showed the lowest failure rate (2%).
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FIGURE 7.10: Rate of Sealants Failure for Transverse Cracks Only

A rating system was developed in SHRP project H-106 (SHRP 1991) to rank sealants

according to the percent of sealant failures. kr this rating system, sealants were classified

to five groups (from excellent to very poor performance), and a 35Yo fallure rate was the

boundary between fair and poor performance.

Sealants were classified to three groups according to their failure rates in f,reld, shown in

Figure 7.10, afte;. two years:

e Group 1: Good performance, percent transverse failure less than 10%

. Group 2: Satisfactory performance, percent transverse failure from 10% to 35o/o

o Group 3: Poor performance, percent transverse failure greater than35%o
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The l0o/o failure rate was selected based on MTGS requirements, where, MTGS requires

that the failure rate of crack sealant does not exceed 7%o after one year of sealant

application, and l0To after two years. The 35% failure rate was adopted to distinguish

between satisfactory and poor performance based on the SHRP rating system (SHRP

19er).

Using the same three perforlnance groups used for field evaluation, sealants can be

classified to three groups according to the clustering of the laboratory-based performance

indicators value:

Group l: Good performance

Group 2 : Satisfactory performance

Group 3: Poor performance

Table 7.3 shows the classification of sealants according to their filed performance and

laboratory-based performance indicators. From Table 7.3,it is clear that there is a good

correlation between laboratory and field evaluation of sealants. There is an agreement

between all laboratory-based performance indicators and field performance for Sealant A

and H which have the highest and lowest failure rates, respectively, in the freld study.

Stiffness at -40oC, rn60, 560, and T, have better correlation to field performance than the

other laboratory perforrnance indicators.

The number of sealants involved in this research is insufficient to recommend a selection

limits for the laboratory-based performance indicators. A threshold value can be

developed for each performance indicator when more field performance data is available.
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TABLE 7'3: classification of rested sealants According to Field and Laboratory performance

Field
Sealant

Evaluation

A

RV

Viscosity

D

BBR

Soo

G

Laboratory Evaluation

Hl

"N/A: Not Available

lllOO Ts Stiffness at -40oC G* at r5oC TS at +7.soc

DMA

2

2

2

N/A U

2

1

DSR

J

2

2

N/A U

2

1
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I Conclusions and Recommendations

8.1 Summary

Pavements in Canada experience large temperature variations resulting in large

deformation and cracking. Sealing pavement joints and cracks is one of the essential

pavement maintenance practices to protect subsurface layers from the ingress of moisture

and debris. Hot-pour sealants, consisting of bitumen modified with polyrners, are the

most prevalent type of sealants. The type of polymer can affect the performance of

sealants. Development of a reliable characterization method for crack sealants has been a

challenging process in the last decade. Currently, field studies are the most reliable

method to evaluate sealants performance in cold climates which is not a cost-effective

method. Field studies are cornmonly repeated on a 10 years cycle, which does not provide

atímely response to progressive market changes and the availability of new products.

In this thesis, a test protocol is proposed for full charactenzation of hot-pour bituminous

sealants. Four test methods are adopted in this test protocol: Rotational Viscometer (RV),

Dynamic Shear Rheometer (DSR), Bending Beam Rheometer (BBR), and Dynamic

Mechanical Analyzer (DMA). These four tests characterize the rheological properties of

sealants over the wide range of temperatures that they experience, starting from

installation temperature and ending with the minimum in-service temperature. The major

advantage of using these methods is that the equipment is readily available in asphalt

binder and polymer charactenzatíon laboratories; and the procedures are familiar to

laboratory technicians.
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Eight hot-pour bituminous sealants were evaluated according to the proposed test

protocol. Two sealants are classified as Type I and the remaining six as Type IV

according to ASTM Standards D6690. RV test was conducted at +180oC, which is the

average installation temperature for the tested sealants, and a spindle speed of 50 rpm.

The standard BBR test load (980 mN) was reduced to be 500 mN for stiff sealants and

200 mN for soft sealants. The BBR test was conducted at a temperature of -30oC.

The 25-mm diameter specimen was adopted for DSR test at all temperatures to capture

the complex composition of the hot-pour sealants. DSR test was conducted in the shain

controlled mode with strain amplitude of 2o/o for temperatures ranging from +5oC to

+4:"C, and 4%o for temperatures ranging from +46oC to +64oC. The dual cantilever

clamp was adopted for DMA test. Sealant specimens were subjected to oscillating strain

with amplitude of 5 pm and frequency 1 Hz. DMA test was conducted at temperatures

ranging from -70oC to OoC.

Seven parameters were selected as laboratory-based indicators for sealant performance.

For each sealant, the values of these performance indicators were evaluated. Sealants

were ranked according to their laboratory performance indicators. Moreover, sealants

were ranked according to their failure rate after two years of application in the field. The

results of f,reld evaluation and laboratory evaluation were compared together to study the

correlation between them.
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8.2 Conclusions

The proposed test protocol in this thesis provides a full characterization of sealants over

the range of temperatures that they experience during installation and in-service. Asphalt

binder test protocols, with some modification, are utilized in the proposed method to

charactenze the rheological properties of sealants. The proposed test protocol can be

considered a cost-effective and a rapid alternative to field performance studies of hot-

pour bituminous sealants.

The results of the laboratory and field evaluation of the tested group of sealants led to the

following findings:

o The creep stiffness (56¿) is directly proportional to sealant field performance, and

a creep stiffiress of l0 MPa at -30'C is recommended as a threshold value to

distinguish between sealants with poor performance and sealants with good or

s ati sfactory p erformance.

The creep rate (m-value) is inversely proportional to sealant field performance

and a strong correlation was found between them.

The glass transition temperature is best estimated from the loss modulus-

temperature curve. The glass transition temperature could not be estimated from

tan ô-temperature curve because no distinct peaks were detected for several

sealants. This condition can be athibuted to the complex composition of hot-pour

bituminous sealants which are a blend of several viscoelastic materials that have

different glass transition temperatures.

'The glass transition temperature obtained from DMA test is not a well defined

value due to the complex composition of hot-pour bituminous sealants.
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Sealants should be selected such that the glass transition temperature is ]ower than

the minimum in-service temperature by a range of l0oc to l5.c to guarantee a

good field performance.

The low-temperature stiffness (storage modulus) at the minimum in-service

temperature is directly proportional to sealant field perforïnance and a strong

correlation was found between them.

The viscosity at installation temperature is directly proportional to sealant field

performance and a good correlation was found between them.

A good correlation was found among the complex shear modulus at +5oc,

temperature susceptibility at +7.5"C, and the field performance of sealants.

The phase angle, obtained from the DSR test, for the tested sealants ranged

between 23 and 48.0 degrees, and was not sensitive to temperature changes in the

raîge of *5oC to +64oC. These values are lower than typical phase angle values

for asphalt binders at this range of temperatures.

Current ASTM specification for hot-pour bituminous sealants evaluates the bond

strength between sealants and pavements at low temperatures but it does not

chatactenze the low-temperature properties of sealants. Glass transition

temperature, low-temperature stiffiress, creep stiffrress, and m-value provide

fundamental information about the low-temperature properties that can be

correlated to the field performance of sealants.

The performance of sealants can not be evaluated with one test only; more than

one test is required.
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" Asphalt binder tests (RV, DSR, and BBR) can be used for charucterizing sealants

performance providing that some modifications should be done in the testing

procedures.

8.3 Recommendations for Future Work

Selection limits can be developed for the proposed laboratory-based performance

indicators by comparing their values to the actual field performance of sealants obtained

from field studies in other cold regions. The number of sealants tested in this study is

insufficient to recommend these selection limits.

In the literature, the relationship between m-value and rate of stress relaxation was found

to be non-linear when m-value is greater than 0.30 (Marasteanu2004). Further research is

needed to study the relationship among m-value, creep stiffrress, and rate of stress

relaxation for sealants.

The relationship between the glass transition temperature and the minimum in-service

temperature can be developed further through a testing program. Results of this testing

could suggest a minimum acceptable difference (factor of safety) between the two

temperatures to guarantee good field performance.
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