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EXECUTIVE SUMMARY

Crack sealing has been widely used as a routine preventative maintenance practice.
Given its proper installation, crack sealants can extend pavement service life by three to five
years. However, current specifications for the selection of crack sealants correlate poorly with
field performance. The purpose of this research was to develop performance guidelines for the
selection of hot-poured bituminous crack sealants at low temperature. This was accomplished
by measuring the mechanical properties of crack sealant at low temperature and then
developing performance criteria for material selection. The modified direct tension test (DTT),
crack sealant direct tension test (CSDTT), simulates the in-situ loading behavior of crack
sealants in the laboratory. A modified dog-bone specimen geometry, which allows specimens
to be stretched up to 95%, is recommended. This new specimen geometry also facilitates
sample preparation. Tensile force is applied to the dog-bone specimen, with its effective gauge
length of 20.3mm, and is pulled at a deformation rate of 1.2mm/min. Fifteen sealants were
tested at various temperatures, and three performance parameters are suggested as indicators
of sealant performance: extendibility, percent modulus reduction, and strain energy density.
Extendibility, which is used to assess the degree of deformation undergone by a sealant at low
temperature before it ruptures or internal damage is observed, is recommended as a measured
parameter to be included in the performance-based guidelines for the selection of hot-poured
crack sealants. Extendibility thresholds were defined as function of low service temperatures.
The CSDT is conducted at +6°C above the lowest in service temperature because of the
relatively high test loading rate compared to in-situ crack sealant movement rate.
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INTRODUCTION

ASTM standard D5535 defines a sealant as a material that possesses both adhesive
and cohesive properties to form a seal, which prevents liquid and solid from penetrating into the
pavement system. Crack sealing has been widely accepted as a routine preventative
maintenance practice. Given its proper installation, crack sealant can extend pavement service
life by a period ranging from three to five years (Chong and Phang, 1987). Numerous studies
also demonstrated the cost effectiveness of crack sealants (Joseph, 1990; Cuelho et al. 2002,
2003; Fang et al. 2003; Ward 2001; Chong and Phang, 1987; Chong, 1990).

Crack sealant is produced so that it keeps its shape as applied and hardens through
chemical and/or physical processes to form a viscoelastic rubber-like material that withstands
extension or compression (crack movement) and weathering. However, in many cases, crack
sealants may fail in one of two mechanisms at low temperature: cohesive or adhesive failure.
The former occurs in the sealant, while the latter occurs at the sealant-pavement crack interface.
At low temperatures, the sealant becomes more brittle because temperature might approach
material’s glass transition temperature and is subjected to short-duration loading due to crack
movements associated with stick-slip motions and truck trafficking as well as long periods of
environmental loading. Therefore, in order to achieve a cost-effective crack sealing/filling
operation, two factors must be closely controlled: quality of sealant installation and sealant
mechanical and rheological properties (such as viscosity, bulk stiffness, and adhesive bond
strength). Both factors must be addressed in order to achieve the expected performance from
the sealing/filling operation. Regardless of sealant quality, improper installation will cause
premature failure and may lead to a shorter service life.

Over the past two decades, a new generation of highly modified crack sealants has been
introduced to the market (Zanzotto, 1996). These sealants exhibit quite complex behavior
compared to those of traditional sealant materials (Belangie and Anderson, 1985). Standards
and specifications for selecting crack sealants have been established by several organizations,
including American Society for Testing and Materials (ASTM), American Association of State
Highway and Transportation Officials (AASHTO), and U.S. and Canadian federal, state,
provincial, and municipal agencies. The objective of the specifications is to select materials that
have the properties necessary to perform adequately in the field. Chehovits and Manning (1984)
reported eight specific properties that are important for crack sealants:

1. Ability to be easily and properly placed in a crack through application equipment;

2. Adequate adhesion to remain bonded to hot-mix asphalt (HMA) crack wall;

3. Adequate resistance to softening and flow at high, in-service pavement
temperatures so that the sealant will not flow from the crack, which will, therefore,
prevent tracking;



4. Adequate flexibility and extendibility when crack is extended at low, in-service
temperatures;

5. Sufficient elasticity to restrict the entrance of incompressible materials into the

crack,

Sufficient pot life at application temperatures;

Resistance to degradation from weather to ensure long in-service life of the

sealant; and

8. Compatibility with HMA, and low cure time to permit opening to traffic as soon as
possible after application.

No

Current specification adopted by state DOTs and sealant manufacturers, ASTM D6690,
are based on the flow test, the no-immersed bond test, the water-immersed bond test, the fuel-
immersed bond test, the resilience test, the oven-aged resilience test, the asphalt compatibility
test, the artificial weathering test, the tensile adhesion test, the solubility test, and the flexibility
test. Such tests can be used to measure the consistency of crack sealants but cannot relate to
sealant’s performance. It has been widely reported by researchers that current specifications
for selection of hot-poured crack sealants are based on tests whose results showed no
correlation with field performance (Masson, 2000; Belangie and Anderson, 1985; Masson and
Lacasse, 1999; Smith and Romine, 1993, 1999).

The most effective way to evaluate the performance of crack sealants would be to
perform field tests. However, the results from field tests are sometimes controversial because a
sealant can perform well in one site and fail in another simply because of differences in
environmental conditions. Therefore, there is a definite need to develop a performance-based
specification system to assist in the selection of crack sealants. Such a specification system
would be based on sealant’s performance-related parameters.

In this report, a sealant’s ability to relax stress and its extendibility are investigated using
the Direct Tension Tester (DTT). A sealant’s ability to relax stress is critical at low temperatures
since it determines how fast a sealant material can dissipate an imposed loading. A sealant
experiences such loading when a crack expands and generates a tensile force upon the sealant.
Extendibility is also important because when a crack opens, the sealant is expected to deform
with the crack without failure. A typical crack movement may stretch the sealant from 10 to
100% strain (Smith and Romine, 1993; Masson and Lacasse, 1999; Linde, 1988; and Cook et
al., 1990). In this research project, the DTT was selected for many reasons. This equipment
applies a uniaxial monotonic load, which closely simulates the loading conditions due to crack
movement in the field. Under these loading conditions, this equipment can maintain a
temperature as low as -40°C using a controlled environmental chamber. In addition, since this
system is part of the SuperPave™ binder specification system, a number of pavement and State
agencies already own this equipment.

PURPOSE AND SCOPE

The objective of this project is to develop laboratory tests that measure sealant stress
relaxation ability and extendibility, which may guide in the selection of sealant materials.
Ultimately, the developed guidelines may enable the prediction of a crack sealant’s performance
for a particular site, with the benefit of being able to select more-durable sealants.

One of the major milestones of this study was to make use of the well-established
equipment originally developed during the five-year Strategic Highway Research Program
(SHRP), which was used for measuring binder failure behaviors as part of the performance
grade (PG) system. This report describes the modified test method as well as the data analysis
approach to characterize hot-poured bituminous-based sealant at low temperatures using the



SuperPave™ DTT device. This report also describes a testing program conducted on sealants,
widely used in various geographic zones in North America, and the testing result analysis.

METHODS

Crack Sealants Behavior at Low Temperatures

In general, sealants are composed of asphalt binder, bitumen as the main component,
and rubbery material such as styrene-butadiene copolymer, chemically modified crumb tire
rubber, mineral filler and processing oil. The styrene-butadiene (SB) copolymer consists of
linked blocks of polystyrene (PS) and polybutadiene (PB). The fillers may include crumb rubber
block, rubber powder, or fibers. The variety of crack sealant chemical composition can
significantly influence its rheological properties. Variations in the rheological properties can be
attributed to different factors, including the source of the origin crude, the refining and
modification process, and the content of polymer, filler, and additives.

The installed sealant material should have the appropriate rheological properties to
resist crack movements, particularly during the winter season. Typically, there are two types of
crack movements in the pavement: vertical and horizontal. Vertical movement primarily results
from traffic loading on working cracks, and the horizontal movement is primarily due to thermal
expansion and contraction of the pavement. Such pavement movement induces an external
force on the crack sealant. While the load is imposed on crack sealant, as a viscoelastic
material, sealant will tend to relax the imposed loading. If the stress inside the sealant builds up
during loading is faster than the stress being relaxed, the un-relaxed stress will accumulate
inside the sealant. If this accumulated stress is greater than the adhesive strength between
sealant and crack walls but smaller than its cohesive strength, the material will fail in debonding.
In contrast, if this accumulated stress is greater than sealant’s cohesive strength but smaller
than its adhesive strength, sealant will tend to fail in the bulk of the material. Therefore, the rate
of external loading applied to the sealant should be considered in any laboratory test that
simulates field conditions.

It has been widely recognized that low temperature critically affects the performance of
crack sealant materials. When the temperature drops, the sealant stiffens due to physical
hardening and cracks widen because of pavement contraction. Two mechanisms of failure may
be evident during the crack widening process: cohesive failure, which occurs inside the sealant
material and adhesive failure, which occurs between the sealant and crack wall. When a crack
opens, tensile stress is applied on the sealant. The stress is carried by the sealant’s adhesive
and cohesive strength. If the sealant’s cohesive strength is greater than its adhesive strength
and the applied stress is greater than the adhesive strength, debonding will occur. On the
contrary, if the sealant’s cohesive strength is less than its adhesive strength and the applied
stress is greater than the cohesive strength, cohesive failure will be observed. To stimulate
loading conditions for sealants in the field, a monotonic uniaxial tension test is proposed, using
the Direct Tension Tester (DTT) device.

Many research studies have conducted measurements to evaluate horizontal crack
movement (Smith and Romine, 1993; Masson and Lacasse, 1999; Linde, 1988; and Cook et al.,
1990). However, few attempts have been made to measure vertical crack movement because
of the difficulties this posed. Masson and Lacasse (1999) measured the opening that occurred
over a period of one year in various routed cracks in the City of Montreal. The treated cracks
were in HMA overlaying concrete pavements and were exposed to air temperatures ranging
from -40°C to 40°C. As shown in Table 1, transverse cracks could extend up to 16% per year.
In general, crack movement is governed by crack direction with respect to traffic loading (Table
1). In addition, transverse cracks are more predisposed to opening than the longitudinal ones.



Table 1 Percentage of Crack Extension in Montreal (after Masson and Lacasse, 1999)

Crack Movement

Crack Transverse Longitudinal

Length, C Vk Extension, Cgl uk| Extension,
mm rack, % rack, %

mm mm

12 1.82 15.2 1.62 13.5
19 3.09 16.3 2.06 10.8
40 3.62 9.1 2.79 7.0

As a part of the Strategic Highway Research Program (SHRP), Smith and Romine (1993)
conducted a study to evaluate the performance of various materials used to seal transverse and

longitudinal cracks. The experimental program utilized 15 various sealants (hot- and cold-
applied), which were placed at five different sites: Abilene, Texas; Elma, Washington; Wichita,
Kansas; Des Moines, lowa; and Prescott, Ontario. In that study, horizontal crack movements
were measured. The study suggested that crack movement was affected by crack configuration
(longitudinal versus transverse) and pavement design. Average crack movement, percentage
of crack extension, and the rate of crack movement at various locations are presented in Table

2.
Table 2 SHRP-H106 Test Sites Investigating Crack Movements (after Smith and Romine,
1993)
Crack Movement Mean Rate of Extension Mean Rate of
Test Site Pavement Type | (Mean % Std. Dev.), | Crack Movement, o 'l Crack Movement,
mm mm/°C ° mm/min
Conventional
Abilene HMA with fabric 0.91 £ 0.51 0.057 5.7+3.2 2.77x10™
interlayer
Wichita, East 2.03+0.9 0.145 12.7£5.6 5.27x10°
Full-Depth HMA
Wichita, West 1.63+1.06 0.136 10.216.6 4.94x10°
Elma Full-Depth HMA 1.04+0.42 0.13 6.5+2.6 N/A
. Composite 4
Des Moines HMA/JRC 1.52+0.94 0.058 9.5+5.9 7.94x10
Composite
Prescott HMA/JPC 1.17+0.35 0.03 7.312.2 N/A

Linde reported an extensive study on measuring crack movements in various airports
and highway pavements in Sweden (Linde, 1988). A summary of data from five airports is
presented in Table 3. The study results include the following: (1) short-term measurements (up
to 24hrs) yield an average crack movement of approximately 4x102mm/°C or 10 mm/min; (2)
long-term measurements yield an average crack movement ranging from 0.4 to 1.25mm/°C or
5x10°° to 8x10™“*mm/min; (3) the greatest crack movement from a reference point was 25mm
over approximately 100 days; (4) the reference point does not return to its zero position (the
reference point varied by as much as 5mm during four years); and (5) crack movements ranged
from 0.12 to 0.17mm per meter of crack/joint spacing.



Table 3 Rate of Crack Movement and Extension Percentage at Five Swedish Airports (after

Linde, 1988)
Type of Rate of Crack Movement c Max_.
o . . xtension,
Movement mm/°C mm/min %/min %
Daily 0.04 0.001 0.0079% 100
Yearly 0.4~1.25|5x10™°~8x10™|0.0004~0.0063%

A study conducted by University of Cincinnati at three test sites; pins and PK nails were
installed to measure crack openings (Cook et al., 1990). As predicted, it was found that most
cracks opened up as temperature decreased and closed as temperature increased. However,
some crack movements did not follow the expected pattern and barely moved when
temperature changed. The maximum reported crack extension was 2.5mm, which is equivalent
to 100% extension. In general, crack extensions varied from 6% up to 100% and the rate of
crack movement varied from 0.0004% to 0.04% per min.

In order to better simulate in-situ sealant service condition and to make use of the
equipment developed by SHRP, some modifications were necessary to allow for the testing of
hot-poured sealants. In addition, various sealant types that may be used in North America
should be considered in the testing program.

Bituminous-Based Crack Sealant—Types and Identifications

Sealants with varying chemical compositions were selected for this study to validate the
proposed performance-based selection guidelines. These sealants represent a wide array of
rheological behavior and they are expected to be used in various locations in North America.
Sealant products used at University of Illinois were designated by a two-character code, which
identifies the sealant type (Table 4). Those sealants with one character code are those sealants,
which were included in the field trials conducted in Canada. The field sealants were installed in
the early 1990s, and were sampled in the unaged (V) condition and after 1 (w1), 3 (w3), 5 (w5),
and 9 (w9) years of weathering. For example, sealant A was installed in Montreal, Canada in
1990. While sealants were installed, portions of the virgin sample were cut and designated as
A_V. A virgin sealant that was aged in the lab according to the acceleration aging procedure
developed under this project is designated as A_AV. Field samples of sealant A were taken at
year 1, 3 and 5 years after installation and they were designated as A w1, A w3, and A_w5.
On the other hand, although the field performance of some of the selected sealants was not
known, they provided the research team with a wide array of rheological behaviors ranging from
very soft to very stiff crack sealants.



Table 4 Sealants Description and Designation
Penetration Flow Resilience

ID Notes 25°C 60°C o
(dmm) (mm) 25°C
QQ Stiffest crack sealant 22 0 36
EE Expected high temperature grade is -
22°C 47 0 51
Y4 Used in San Antonio, TX 42 N/A N/A
YY Used in San Antonio, TX 42 N/A N/A
AB Used in San Antonio, TX 40 N/A 23
\AY) Modified with fiber N/A N/A N/A
uu SHRP H106 field data 62 1.5 N/A
AE Widely used in NY, VA, and NH N/A N/A N/A
DD Expected low temperature grade is -
34°C 80 1.5 50
MM For aging study 120 1 70
wWw Field data available N/A N/A N/A
NN Field data available 75 0 70
AD SHRP H106 field data available N/A 1 80
PP Field data available 130 1 44
BB Softest crack sealant 148 0 80
SS For preliminary test 122 0.1 63
CC Field data available N/A 0 65
GG For preliminary test 66 0 75
HH SHRP H106 field data N/A 0 44
A Field data available 86 0.5 57
B Field data available 68 0.5 64
C Field data available 78 0 59
E Field data available 124 1 73
G Field data available 50 0.5 51
J Field data available 66 6 48

Direct Tension Test (DTT) for SuperPave™ Asphalt Binder

The Direct tension Test (DTT), which was originally introduced in 1992 as part of the
original SuperPave™ binder specification system, is used to measure the tensile failure
properties of asphalt binder at low temperatures. After several modifications, a new
SuperPave™ DTT was introduced in 1995. This new system, which is very compact compared
to the original system, utilizes a fluid-based temperature control system and was reported to
produce accurate results (Dongre et al., 1997). The DTT test applies a uniaxial tensile loading
to the specimen in a controlled environmental chamber, which closely simulates the loading
conditions experienced by crack sealants in the field.

In the DTT test, dog-bone-shaped specimens are placed in a fluid medium kept at the
desired temperature and pulled in tension until rupture occurs (Figure 1). The SuperPave™
specification system is only designed to determine the strain at failure to ensure that it is greater
than 1%. However, with appropriate modifications to the software, the equipment is capable of
determining the stress-strain curve in a uniaxial state of stress and other useful parameters.



Figure 1. The direct tensile tester and dog-bone specimen.

Figure 2 illustrates the SuperPave™ specimen geometry and the loading mechanism.
For binder specifications, a constant rate of 1.0mm/min is used. The elongation of the tested
specimen, the load applied to the specimen, and the bath temperature are measured and
acquired by the equipment’s data acquisition system. The dog-bone—shaped specimens are
100mm in overall length, including the end inserts. The asphalt portion of the specimen is
40mm long with an effective gauge length of 33.8mm. The specimen is 6mm wide and 6mm
thick, which means that the specimen cross-sectional area is 36mm?. The failure stress and

strain are computed using Equations (1) and (2), respectively:

R )

O; =

A
AL,
E = —— 2
L 2
where,
o; = failure stress;
P; = measured load at failure;
A, = original cross-sectional area (=36mm>);
& = failure strain;
AL; = measured elongation at failure (AL); and
Le = gauge length.
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Figure 2. Sample geometry in the DTT setup.

Failure is defined as the point on the stress-strain curve where the load reaches its
maximum (Figure 3). The test method was designated for asphalt binders at temperature where
they exhibit brittle or brittle-ductile failure. The brittle or brittle ductile failure will result in a
fracture of the test specimen as opposed to a ductile failure in which the specimen simply
stretches without failure. Failure is defined in the SuperPave™ binder specification as when the
tensile load (or stress) reaches a maximum. Failure may occur when the specimen fractures as
in curve B or the specimen may continue to stretch after the maximum load as in curves C and
D in Figure 3. Binder specification indicates that the minimum failure strain has to be greater
than 1%, therefore, curve A will be rejected according to the specification (Anderson et al.,
1994).

Sealant Aging

In the SuperPave ™ binder specification, the test is conducted on aged binder. Similarly,
when a crack sealant is tested, it also requires aging the sealant prior to testing. In the
SuperPave™ binder test, the Rolling Thin Film Oven (RTFO) and Pressure Vessel Aging (PAV)
are used to simulate binder’s short-term and long-term aging in the field. For crack sealants, a
different aging procedure is adopted than that used for asphalt binder. The vacuum aging
procedure is used to simulate crack sealant aging in the field. Details of this approach is
presented in “Guidelines for Accelerated Aging of Bituminous Sealants Using a Vacuum Oven”
(Masson et al., 2004). The vacuum aging procedure is used as one test for short- and long-
term aging because most of sealant aging takes place during the installation process. In this
method, homogenized sealant is sliced and placed in PAV pans. The pans are in a preheated
oven at 180°C for approximately 5min to allow sealant to melt. The sealant film must be
approximately 2-mm-thick. Once the melted sealant cool down to room temperature, the pans
are placed in vacuum oven preheated to 115°C and vacuum is applied. When the vacuum
reaches 760mm of mercury, the sealant is kept for 16hr.
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Figure 3 Various stress-strain behaviors of binder observed in the direct tension test

Modifications to the SuperPave™ Direct Tension Test

Test Development

Sealant is usually exposed to high temperature fluctuation; especially in the winter
season. To evaluate their performance, a test procedure is needed that provides a connection
between laboratory and field behaviors. Such test procedure is expected to be based on
complex relations between various factors that govern sealant behavior. However, the
developed test procedure should be relatively simple to be easily implemented by a state
specification system. The factors controlling sealant performance include stress, strain,
temperature, rate of deformation, humidity, air, light, type and condition of substrate, and
presence of water or chemicals. Among these, the stress, strain, deformation rate, and
temperature are of primary importance. They have to be known to describe the material
behavior at any given age, humidity, substrate condition, etc. As a result, the sealant
mechanical properties should be measured in any test developed, while all other factors should
be kept constant at values considered to be realistic.

Cyclic test, tension stress-strain test, stress relaxation test, and fracture test are four
common types of test used to obtain the material properties of polymers. The cyclic test is an
excellent test which provides the best representation of crack sealant condition in the field.
However, it is a very complex test and can be performed only if the material properties are well
defined from the results of tests using simpler loading patterns and if the rates are related to the
field. Therefore, it was not considered in this study.

Tension stress-strain test, stress relaxation test, and fracture test were evaluated. In the
stress relaxation test, a specimen is rapidly stretched to the required length and the stress is
recorded as a function of time. The stress relaxation test may cause serious damage to the
material; but it usually does not result in real fracture. Tension stress-strain test and fracture
test are used to evaluate sealant deformation and fracture properties. In the tensile stress-
strain experiment, a specimen is elongated at a constant rate until it breaks. The stress is
recorded as a function of extension. The middle notch tension fracture test is one of the most
common type fracture tests to determine the characteristic energy and stress intensity



parameters widely used in fracture mechanics. The following sections describe each of the
aforementioned approaches.

Stress Relaxation Test

The stress relaxation test consists of applying a rapid stretch stress on a material to a
fixed length then records the stress as a function of time. Figure 4 illustrate a typical stress
relaxation test. The stress relaxation has been related to the field performance of bituminous
sealants (Zanzotto 1996). The original DTT software did not allow for stress relaxation
experiments, so an upgrade of the software (TestBuilder) was purchased from the manufacturer.
With the new software, sealant specimens were elongated to a predetermined elongation at a
rate of Tmm/min (3% per min); then the elongation was kept constant for 15min, and the load
needed to keep that elongation was recorded. Sealant BB, NN and QQ were selected for a
feasibility evaluation because they represent soft, intermediate, and stiff sealants.

Replicates of Sealant QQ were tested at -10°C. The sealant was found to fail at -10°C
at approximately 0.8% strain. Therefore, an elongation of 0.15mm (0.44% strain) was used
(Figure 5). The maximum load was approximately 50N, which had relaxed to almost 5N after
15min. Replicates of Sealants BB and NN were also tested at -40°C. An elongation of 6mm
(17.8% strain) was used for both sealants (Figure 5). The maximum load for Sealant BB was
13.2N, which decreased to 2.8N after 15min of relaxation. For Sealant NN, the maximum
measured load was 38.8N, which decreased to 8.5N after relaxation. With a maximum travel
distance of 13.5mm when using specimens in accordance with SuperPave™, an elongation as
high as 12mm (35.5% strain) could be used in a stress relaxation test.

Although the stress relaxation could be performed on crack sealant materials, some
limitations were observed. First, the rate to stretch the specimen was not rapid enough. For
some sealant, the 1mm/min rate was too fast that adhesive failure results at the end tab;
however, for some other sealants, this rate was too slow; hence, the sealant had significant
relaxation going on prior to reach the predetermined length and the results might not reveal the
true relaxation characteristics of these sealants. Second, the predetermined length varies for
various sealants. Therefore, there was no unique length that could be used for the sealants
considered in this study. This might cause inconsistency in the specification test. As a
consequence of these findings, the stress relaxation test was not further considered as a
potential test in this study.
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Figure 5 Stress relaxation test for sealants BB and NN at -40°C and sealant QQ at -10°C

Middle Tension Notch Fracture Test

Fracture mechanics have been widely used to characterize the fracture properties of the
material by study of fracture energy, kinetic of crack growth, and molecular mechanisms. The
theory behind fracture mechanics is that as a material is strained, energy is stored internally by
chain extension, bond bending, or bond stretching modes (Griffith, 1921; Berry, 1961; Rosen,
1964; and Rivlin and Thomas, 1953). The energy is dissipated if bond breakage, chain slippage,
or viscoelastic flow occur. Griffith (1921) showed that when the release strain energy per unit
area of the crack surface exceeds the energy required to create a unit area of the surface, the
surface tension (or intrinsic surface energy), a crack would propagate. The fracture parameters
are calculated using a well-defined analytical function of the load at failure and the geometry of
the specimen. Anderson and co-workers (2000 and 2001) have concluded that fracture
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toughness provides a more definitive ranking of resistance to thermal cracking than the original
SuperPave™ criteria. Based on these results and similar conclusions reached by the binder
research community, an attempt was made to utilize mechanical-based fracture tests to
characterize crack sealant material. A set of new molds were, therefore, developed to conduct
the fracture toughness test.

The first developed mold, which was 100mm long, 6mm wide and 6mm thick, made use
of a high-precision rod to induce a diamond-shaped notch during pouring of the hot-poured
sealant (Figure 6). The dimension of the notch was 1mm thick and 3mm wide and the rod was
inserted from the bottom of the mold and the sealant was poured into the mold. Once the
sealant had cooled down to room temperature, the excessive portion of sealant was trimmed off
and the whole mold was placed into the cooling bath of the direct tension machine for 5min prior
to demolding. After 5min, the inserted notch was removed and the specimen was demolded. In
this test, if the stress build up inside the material is slower than the stress relaxation ability of the
material, the results may not reflect the true fracture properties of the material. Hence, a rapid
loading rate was selected, and a strain rate of 66% per min was used. Although at such rapid
loading rate, results showed that for ductile sealants failure could not be observed. These
results may relate to the notch size, which was relatively thick, so no significant stress
concentration around the crack tip may generate to propagate the crack.

Figure 6 Mold for preparing middle centered notched specimen of crack sealants

Consequently, a modified insert and base plate were designed as shown in Figure 7.
The new developed insert, which has a thickness of 0.1mm and a width of 2mm and is
embedded by a rectangular holder for easy handling, was used. The newly designed bottom
plate has a build-in rectangular opening which can fit the holder of the insert. This ensured that
the notch position can be identical for each test. The difficulty of using this design is that the
base plate is not stable because there is a portion of the insert beyond the base plate. In
addition, the level of the insert cannot be controlled accurately. This is especially important
during the trimming of excessive sealant on the surface.

Therefore, the base plate was further modified to correct the aforementioned problems.
As shown in Figure , the bottom plate was modified to become as a cuboids’ shape in order to
accommodate the space of insert. There is a special design shaft which allows controlling the
vertical position of the insert. The insert has the same dimensions as in the previous design.
Figure 9 and Figure 10 show typical test results of the middle tension notch specimen for
sealants BB and ZZ at -40°C and -10°C, respectively. Sealant ZZ failed right after a few
percents of elongation, which shows a typical brittle type of failure. However, for sealant BB,
there was no failure observed even when the machine limit was reached (¢=30%). The material
behaves as a ductile material, which exhibits a yield point followed by a plastic flow after the
yield point. Although this fracture mechanics test has great potentials, it was not further
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considered at this point because some of the sealants exhibit ductile behavior over the current
testing range.

Figure 7 Improved insert with modified base plate for the middle tension notch specimen in
direct tension test

Figure 8 Newly designed mode for the middle notch tension fracture specimen. This mode
allows creating a notch at a precise position in the specimen and is able to control the height of
the pin for ease of trimming excessive sealant material.

Tensile Stress-Strain Test

A tension test consists of slowly pulling a specimen of crack sealant in tension until it
breaks. The dog-bond shaped specimen used in the DTT has a rectangular cross section, and
its ends are enlarged so that when crack sealant is poured into the mold, it would have large
adhesive area between the crack sealant and end tabs. The end tabs are made from Phenolic
G-10 material, to provide good bonding. The standard procedure (AASHTO TP3), with
specimen preparation as modified by Ho and Zanzotto (2000), was used. The specimen was
fixed at one end and pulled from the other end. The motion between the fixed and moving
crossheads is controlled at a constant speed; as a result, the material is deformed under a
constant strain rate. The specimen deformation is measured using a linear variable differential
transducer (LVDT). In addition to deformation, the load and temperature during the test are also
measured and acquired by the equipment’s data acquisition system.

13
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Figure 9 Middle-notched tension test for sealant BB at -40°C
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Figure 10 Middle-notched tension test for sealant ZZ at -10°C

To control the testing temperature in DTT, a fluid bath reservoir, made of stainless steel
and insulated with high-density foam backing, is used. A circulating chiller allows the bath
temperature to reach as low as -40°C, with a stability of +/- 0.1°C. During the test, the dog-bone
specimen is pulled until rupture occurs or until the maximum traveling distance is reached. A
specimen dimension of 40mm long, 6mm wide and 6mm thick with an effective gauge length of
33.8mm was used as a first trial. These dimensions are identical to the DTT specification for
asphalt binders.

Six replicates of each sealant were extended at a strain rate of 3% per min for sealants
BB, QQ, and NN. Sealants were tested at various low temperatures because of the variation in
their composition and application location. Figure 11 shows the stress-strain relationship for six
replicates of sealant QQ, which were tested at -10°C. The average stress at failure was 1.7MPa,
with a COV of 14.6%. The average strain at failure was 0.7%, with a COV of 15.8%. When
only the three maximum stresses at failure were considered in calculating the average stress at
failure, it was 1.9MPa, with a 9.8% COV; while the average strain at failure was 0.8%, with a
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COV of 13.8%. Sealant BB was tested at —40°C using six replicates, Figure 12. The extension
limit was reached; but the material did not fail. The stress at 20% strain varied between
approximately 0.24 and 0.28MPa.
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Figure 11 Stress-strain curve of sealant QQ replicates at -10°C.
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Figure 12 Stress-strain curve of sealant BB replicates at -40°C.

Sealant NN was also tested in replicates at —40°C at a strain rate of 3% per min; another
set of specimens was tested at 6% per min. As shown in Figure 13, none of the specimens
failed. The average stress at 20% strain for the specimens tested at 3% per min was
approximately 0.9MPa. For the specimens tested at 6% per min, the average stress at 20%
strain was around 1.15MPa. Even though Sealants BB and NN did not break at —40°C, Sealant
BB needed less force to bring it to a 20% strain than that needed for Sealant NN. This suggests
that Sealant BB is softer than Sealant NN at this temperature.
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Figure 13 Stress-strain curve of sealant NN replicates at -40°C.

To find a specimen size that could be brought to failure, several specimen sizes were
evaluated. The length of the specimen was varied by changing the space between the two
aluminum end pieces that would fit into the clamps of the DTT. The width of the specimen was
also varied using modeling clay. Figure 14 shows the mold designed for this experiment and a
specimen being tested in the DTT. The smallest sample size tested was 8mm long, 6mm wide
and 3mm thick. Replicates of Sealant BB were tested in these three configurations at 3% per
min strain rate. Figure 15 shows the stress-strain curve; some ductile sealants did not fail. A
100% strain was achieved at approximately 0.7MPa.

Figure 14 Specially designed mold to test small specimens in the DTT device
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Figure 15 Stress-strain curves for sealant BB at -40°C using 8x6x3mm specimen

The preliminary tension test results show that the mechanical properties of crack
sealants widely vary. Some sealants might rupture within a relatively small percent extension;
while other sealants can be stretched more than 90% strain without rupture. As mentioned in
the crack movement section, the opening of a crack in the winter season can vary from 10 to
almost 100% compared to its opening in the summer season. The opening value depends on
the geographical location and pavement type. Therefore, the experimental effort has aimed to
develop a specimen geometry that would allow the specimen to extent more than 90%.

The current SuperPave™ DTT test specimen (Figure 16) has an effective gauge length
of 33.8mm (Bouldin et al., 1999) and a limited allowable traveling distance. The maximum
extension that could be reached is 30%. Therefore, a shorter effective length specimen is
needed. In addition to the length modification, the thickness of the specimen was also modified.
The reason is some sealants, which contain crumb rubbers as fillers, were difficult to pour in the
SuperPave™ DTT mold (6mm). The particle size of the crumb rubber can be as large as
1.2mm (Georgia DOT); therefore, when this type of sealant is used, the bottom corner of the
mold may not be completely filled. Hence, in this study, the effort aimed to optimize the
specimen thickness, which facilitates sealant pouring while achieving an effective gauge length
that can increase the level of extension.

To examine the feasibility of using a smaller specimen size, a finite element (FE) analysis
was conducted to determine an optimal size and to simulate crack sealant behavior. The
optimal specimen size must meet two criteria: uniform stress distribution within the specimen
web as well as ease of specimen preparation. In the FE analysis, 10 specimen sizes were
evaluated. Various dimensions for the specimen total length, web length, and flange length and
width were proposed (Table 5). The dimensions were selected to investigate the effect of
specimen’s thickness and width simultaneously. Each specimen was fixed at the lower end of
the flange and a deformation rate was applied at the other upper end of flange at 1Tmm/min as
shown in Figure 17. Results of the FE quasi-static analysis were obtained and the tensile stress
distribution for each specimen’s geometry was determined as shown in Figure 18. Specimen g
was selected for this study
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Figure 16. SuperPave™ binder specimen geometry specification for DTT (units are in mm).

Table 5 Trial Dimensions for the CSDTT Specimens (in mm)

Specimen | 1 2] 3 4
a 3 8| 10 | 19
b 275 |1 8|95 | 19
Cc 275 | 8| 95| 18
d 275 | 6 | 95| 15
e 25 | 6| 8 | 12
f 25 | 6] 8 | 12
g 3 6| 7 |12
h 275 |6 | 7 | 10
| 3 6| 6 |10
i 3 6| 5 10

5, 522
(Ave. Crit.: 75%)
=-01
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Figure 17 2-D finite element model for the CSDTT specimen
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Figure 18 Stress distribution within various sizes of DTT specimens

The new specimen was determined to be 24mm long, 6mm wide and 3mm thick with an
effective gauge length of 20.3mm. The maximum extension can be achieved using this
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specimen is 19mm, which is equivalent to approximately 94% strain. Table 6 presents the
comparison of the SuperPave™ binder DTT specimen geometry to the one used in this study.
Appendix B describes the determination of the effective gauge length of the new specimen,
using finite element analysis. Experimentally, the effect of specimen size and geometry is
discussed later in the report.

In summary, although the tension stress-strain is not the simplest test as of the four
basic properties (stress, strain, rate of deformation, and temperature) only temperature can be
kept constant, it was selected because it simulates field loading of crack sealant when extended.
In addition, the relatively short testing time makes it suitable as a specification test.

Table 6 Comparison of direct tension specimen dimensions

Specimen Width Thickness Nominal Length Effective Length
Type (mm) (mm) (mm) (mm)
SuperPave™ 6 6 40 33.8
Crack Sealant 6 3 24 20.2

Test Procedure

The procedure used in this study mainly follows the procedure proposed for
SuperPave™ binder testing (AASHTO TP3), except an improved sample preparation procedure
suggested by Ho and Zanzotto (2000) was adopted. The sealant is heated to the
manufacturer’'s recommended installation temperature for 30min, and then firmly stirred before
pouring into a dog-bone shaped aluminum mold. The mold and ceramic tile were placed into
separate oven, which was preheated to 50°C lower than the manufacturer’'s recommended
pouring temperature, 15min prior to pouring the sealant into the mold. Using a temperature that
is 50°C lower than installation temperature is based on research conducted by Masson et al.
(2006), who reported a 50°C drop while the sealant was in contact with the crack wall right after
pouring. Using this method, the sealant is maintained in a liquid state after it comes into contact
with the mold to keep it homogeneous and workable during sample preparation. The specimen
is then allowed to cool to room temperature for one hour. Itis then placed in the environmental
control chamber for 5min, and then de-molded. The specimen was next placed in the fluid bath
to condition for one hour at testing temperature before the test was performed.

The tension stress-strain test was designed to apply a constant strain rate of 6% per min
to a specimen, which is equivalent to the 1.2mm/min for the CSDTT specimen geometry. The
maximum travel distance of the DT device for the CSDTT specimen is 19mm; therefore, the
CSDTT specimen can reach approximately 95% strain in 15min. Figure 19 shows the loading
and deformation results for sealant BB at -40°C.
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Figure 19 The orange curve represents the loading loci and the blue curve shows the
deformation loci for CSDTT specimen of sealant BB at -40°C at a strain rate at 1.2mm/min

Performance Parameters

True Stress and Strain

In the SuperPave ™ binder specification, the parameters reported at the failure point are
the engineering stress and strain. The strain at failure is defined at the maximum stress when
the specimen fractures. When the specimen does not fracture, the stress-strain value at 10%
strain is reported and note as “greater than 10%”. For the crack sealant, true stress and strain
are reported instead of engineering stress and strain. In addition to the stress-strain at failure,
two addition parameters are recorded and reported for the crack sealant: strain energy density
and percent modulus decay.

Determining the stress-strain at failure from DTT is clear for brittle or brittle-ductile
behaviors, as in DTT for binders. However, if this test is conducted on a very soft material such
as some crack sealants, the sample may exhibit large strain before failure. Hence, the
maximum load may be difficult to determine. In this case, calculating the stress and strain as
presented by Equations (1) and (2) is no longer valid. The reduction in the cross-sectional area
is significant and must be considered in the calculation. Therefore, the true stress and true
strain of the tension test should be considered.

The stress and strain calculated in Equations (1) and (2) usually refer to the engineering
stress and engineering strain. The engineering stress is obtained by dividing the load by the
original cross-section area. The SuperPave™ binder specification system has limited the
minimum allowable strain to be 1% and stop the test at strain of 10% (Anderson et al., 1994). In
this case, the error between engineering and true stress is about 10, which is negligible. For
materials that exhibit large deformations during the course of this test, it is essential to use the
concept of true stress and true strain in the calculation. Finite changes in area and length are
considered in the determination of true stresses and strains. True stress is simply calculated as
dividing the load, P, by the current cross-sectional area, A;, rather than the original area Ag:

5=t ©

where,
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G = true stress; and
A, = current cross-section area.

For materials that behave in a ductile manner, once the strains have increased
substantially beyond the yield region, most of the strain that has accumulated is inelastic strain.
Since plastic strain or creep strain are mainly contributed by re-orientation of the molecular
chain therefore, neither of them contributes to volume change, the volume change in a tension
test is limited to small amount associated with elastic strain. Thus, it is reasonable to
approximate the volume as constant. For that reason, the volume conservation assumption can
be applied. The current area A; subsequently can be calculated from the true strain (total
volume = AgLo=AiL;; Dowling, 1999):

€= In(%}
! (4)

In the DTT (Equation 5), a constant tensile true strain rate ¢ is applied; therefore, it can
relate A, to the initial area of cross-section Ag:

A =A,xe )
Therefore, the true tensile stress can be given as follows:

(1)
5=A£= Ple 6)
i 0

The failure stress and strain are calculated as true stress and true strain for crack
sealant materials. The failure strain for crack sealant in DTT is considered at the maximum
stress if the material fractures in the brittle state. In this case, the difference between true stress
and engineering stress is insignificant. If the material fails in the brittle-ductile transition, the
failure strain is identified at the point of maximum stress. If the material does not fail/rupture
due to a ductile behavior, the strain at failure is identified at the 90% strain extension.

Strain Energy Density

Toughness is measured by the area under the stress-strain curve. This area has the
units of energy per unit volume and is the work expended in deforming the material. The
deformation may be elastic, recoverable, or permanent (irreversible deformation). The
toughness is selected as a parameter because a sealant is rarely stressed in the field to
immediate fracture. In this case, strain energy density for crack sealant could be meaningful
parameter.

Percentage Modulus Decay

Relaxation modulus is considered a fundamental property of the viscoelastic material.
Bituminous crack sealant is a typical viscoelastic material, which exhibits both elastic (solid-like)
and viscous (fluid-like) mechanical behavior. A straightforward method to obtain the relaxation
modulus of a viscoelastic material is to conduct a stress relaxation test. This test, which is
shown in Figure 4, consists of applying an instantaneous step deformation to the material and
the reduction of load is measured. The relaxation modulus can then be calculated, as follows:
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where,
E(t) = stress relaxation modulus function ;
c(t) = stress measured as a function of time (t); and

& =constant step strain applied instantaneously.

However, this test may not be applicable for crack sealant materials because of two
reasons: First, due to rapid stretching, most sealants exhibit adhesive failure between the end
tabs and the sealant interface than in the sealant itself; second, the stretched length varied from
a sealant to another. There is no unique stretch length that could be used for all tested sealants;
hence, from a specification test point of view, this is unacceptable.

Instead of conducting a stress relaxation test to obtain the relaxation modulus function,
the modulus may be estimated using the tension stress-strain test. In the SuperPave ™ DTT,
the relaxation modulus is calculated simply by dividing the instantaneous stress by the strain
and by fitting a second order polynomial function, which is then converted into relaxation
modulus (Smith, 1976). Marasteanu (2000) used this approach to convert the binder DTT data
to relaxation modulus and concluded that the strain rate could affect the DTT data. He
suggested that this conversion could only be valid if the test was performed within the linear
viscoelastic region. The approach was used with the crack sealant direct tension data; however,
the data did not fit the second order polynomial for some sealants. This could be due to the
high level of extension. Another approach to obtain the relaxation modulus from the test data is
using three terms Prony series. From the Boltzman superposition principle, the stress-strain
relationship for a viscoelastic material can be expressed as follows:

o(t) = an t)dga)

8

where,
o(t) = stress history;
g(t) = strain history; and
E(t) = relaxation modulus.

A mechanical analog, which includes discrete elastic (spring) and viscous elements
(dashpot), Figure 22, is usually used to link the input strain and output stress. Therefore, the
relaxation function can be simulated as various combinations of spring and dashpot elements.
Of these two basic elements, various models (e.g., Maxwell and Kelvin elements) can be built to
describe the viscoelastic response of the material to a given excitation. To describe the
isotropic viscoelastic behavior of hot-poured crack sealants, a generalized Kelvin-Voigt model,
which consists of a spring and dashpot connected in series, was selected in this analysis. In the
case of a viscoelastic solid, the relaxation modulus at a time t using Generalized Kelvin model
can be expressed as follows:

E() - E, - Y E,(1-e™) ©

where,
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E(t) = the relaxation modulus at time t;
E; = material constants; and
t; = retardation times.

Equation (9) is also known as a Prony series expansion, and it represents a series of
decaying exponentials. Upon application of a strain, the individual spring placed at the start of
the chain (first term in Equation [9]) responds instantly. In contrast, the spring and the dashpot
of the different Kelvin elements exhibit constrained motions as they are restrained from
experiencing the same strain at any given time. The retardation times are generally used to
provide an indication of the amount of time required for a certain component of the material (e.g.,
polymer) to respond to the imposed creep load. Each retardation time contributes to the fitting
of the model in one order of time magnitude and is associated with a component of the material
responding to the load. The number of terms in the Prony series should not be greater than the
number of logarithmic decades covered by the span of the test. For example, if a creep test is
conducted for 1000s, the number of Prony series terms should not exceed three.
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Figure 20. Mechanical representation of a Prony series to describe a viscoelastic solid.

Substituting Equation (9) into Equation (8), the following expression of the stress results:

o(t) = Ege(t) - j. i E(1- e%)—dg(tll) dt"

In the DT test, sealant is subjected to a constant strain rate beginning at time zero,

Rt fort>0
solved as follows:

0 fort<O _ , o
e(t) = , with R as the strain rate. The above convolution integral can then be

o(t) = E,&(t) —i Eié[t _t (1— e ﬂ (11)

Equation (11) shows that the stress can be expressed as a function of time (t) and
applied strain rate (€¢). The equation is used to fit the experimental data by means of the least
squares (LS) technique to obtain the material constants Ey, E;, and t;. This analysis has shown
that a three-term Prony series (N=3) can provide good fitting results from the experimental data
since the testing time is usually less than 1000s. An Excel Visual Basic template has been
designed to obtain the fitting parameters. A typical fitting of the model to the experimental
stress data is shown in Figure 21. The relaxation modulus function (E[t]) can then be plotted in
logarithm scale (Figure 22).
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Figure 21 Fitting the experimental stress data to the proposed 2-term Prony series model

Once the relaxation function of the tested sealant is obtained, it can be used to evaluate
the sealant’s stress relaxation ability. The greater the percentage of modulus decay means the
smaller the amount of stress that remains inside the sealant. Therefore, the percentage
modulus decay after time t of loading is calculated as follows:
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Figure 22 Relaxation modulus function plotted in logarithm scale
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RESULTS AND DISCUSSION

The function of crack sealant is very different from that of asphalt binder. Asphalt binder
acts as a glue to hold the aggregate together in the pavement, and provides a portion of the
pavement’s structural capacity. Therefore, the strength of the asphalt binder is an important
factor. On the contrary, crack sealant does not provide any structural contribution to the
pavement system. The most important properties of crack sealant at low temperature are
extendibility and load relaxation ability. These two properties can ensure that a sealant properly
dissipates the imposed loading when a crack opens and does not rupture. Therefore, stress
relaxation and strain extension capabilities of the sealant are the most important parameters for
its successful application.

Extendibility

The extendibility of 15 crack sealants tested under various temperatures was measured
(Table 7). Four replicates of each sealant under each temperature were tested and three test
results, which gave the best coefficient of variance (COV), were reported. As shown in Table 7,
the stress and strain at 90% extension or at the point of rupture and their average value and
COQV are reported. If the material fails/ruptures in the brittle-ductile transition, the failure strain is
identified at the point of the maximum stress. If the material does not fail/rupture as it exhibits
ductile behavior, the strain at failure is identified at the 90% strain extension.

All the sealants were tested at their recommended lowest service temperature and if the
sealant could not pass at that temperature, it was tested at +6°C. The results show that five out
of the 15 tested sealants can be stretched to more than 90% strain at the selected testing
temperatures: Sealants BB and PP at -40°C, sealants NN and AE at -34°C, and sealant MM at
-28°C. However, sealants QQ, YY, ZZ, and AB could not be stretched to 90% strain at the
selected testing temperature.

The data in Table 7 were also used to evaluate test repeatability. Overall, the test
results were repeatable. The lowest COV for the strain was 0.78% for sealant YY tested at -4°C.
The highest COV was 15.3% for sealant UU at -22°C. The lowest peak/failure stress COV for
stress was 1.3% for sealant BB tested at -40°C; and the highest COV for peak/failure stress was
11.5% for sealant UU at -10°C. In general, a sealant having high extendibility and low stress
would be expected to perform better in the field at low temperature. The peak stresses for the
tested 15 sealants are reported in Table 8.
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Table 7 Extendibility for 15 Sealants at Various Temperatures

Temp Extendibility
Sealant °C) (%)
Rep. | Rep. | Rep.
1 2 3 Avg. | COV (%)
QQ -4 094 | 1.01 0.95 | 0.97 4.05
-10 0.35 | 0.37 | 0.31 0.34 8.86
-4 32.46 | 31.74 | 31.94 | 32.05 1.15
EE -10 | 26.49 | 24.86 | 25.64 | 25.66 3.18
-16 230 | 255 | 219 | 2.35 7.83
-4 34.94 | 32.20 | 29.41 | 32.19 8.59
zZ -10 264 | 262 | 237 | 2.54 5.72
-16 1.06 | 1.01 1.13 | 1.07 5.81
-4 14.11 | 14.04 | 13.90 | 14.02 0.78
YY -10 288 | 248 | 2.88 | 2.74 8.40
-16 1.90 | 1.67 | 1.51 1.69 11.59
AB -10 268 | 2.91 250 | 2.70 7.54
-16 1.77 | 195 | 1.76 | 1.83 5.90
WV -16 335 | 419 | 3.97 | 3.84 11.33
-22 0.59 | 0.59 | 0.51 0.57 8.50
-10 | 32.14 | 32.96 | 31.21 | 32.10 2.73
uu -16 | 26.36 | 22.46 | 23.95 | 24.26 8.12
-22 | 1459 | 19.78 | 16.74 | 17.03 15.31
-22 90+ 90+ 90+ 90+ N/A
DD -28 | 80.77 | 85.55 | 83.20 | 83.17 2.87
-34 | 12.00 | 15.44 | 14.65 | 14.03 12.85
AE -40 90+ 90+ 90+ 90+ N/A
-28 90+ 90+ 90+ 90+ N/A
MM -34 90+ 90+ 90+ 90+ N/A
-40 454 | 540 | 5.70 | 5.21 11.58
WW -34 90+ 90+ 90+ 90+ N/A
-40 0.51 0.63 | 0.55 | 0.56 10.94
NN -34 90+ 90+ 90+ 90+ N/A
-40 | 49.15 | 46.50 | 52.48 | 49.38 6.07
AD -40 90+ 90+ 90+ 90+ N/A
pp -34 90+ 90+ 90+ 90+ N/A
-40 | 22.31 | 17.81 | 18.18 | 19.43 12.86
BB -40 90+ 90+ 90+ 90+ N/A
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Table 8 Peak Stress for 15 Sealants at Various Temperatures

Temp Peak Stress
Sealant MPa
(°C) Rep.1 | Rep. 2 | Rep. 3 | Avg. C(;oz;/
QQ -4 1.05 1.06 1.23 1.1 9.09

-10 0.8 0.85 0.78 | 0.81 4.45
-4 0.79 0.61 0.65 | 0.68 13.83
EE -10 0.88 0.92 0.87 | 0.89 2.97
-16 1.56 1.52 1.61 1.56 2.88
-4 0.78 0.66 0.73 | 0.72 8.33
Y4 -10 0.74 0.69 0.65 | 0.69 6.50
-16 0.82 0.78 0.87 | 0.82 5.48
-4 0.46 0.46 0.42 | 0.45 5.17
YY -10 0.64 0.57 0.64 | 0.62 6.55
-16 1.87 1.65 1.9 1.81 7.56
-10 0.3 0.27 0.24 | 0.27 11.11
-16 0.3 0.32 0.3 0.31 3.77
-16 1.12 1.25 1.18 | 1.18 5.50
-22 0.7 0.69 0.6 0.66 8.30
-10 0.31 0.35 0.39 | 0.35 11.43
uu -16 0.67 0.68 0.73 | 0.69 4.64
-22 1.34 1.23 1.29 | 1.29 4.28
-22 0.46 0.45 0.45 | 0.45 1.27
DD -28 1.27 1.49 1.31 1.36 8.64
-34 1.39 1.59 142 | 1.47 7.35
AE -40 2.77 2.53 245 | 2.58 6.45
-28 1.45 1.75 1.55 | 1.58 9.65
MM -34 1.12 1.16 1.25 | 1.18 5.66
-40 2.59 2.73 2.91 2.74 5.85
-34 0.82 0.81 0.77 | 0.80 3.31
-40 2.43 2.22 217 | 2.27 6.07
NN -34 1.09 1.06 1.05 | 1.07 1.95
-40 1.85 1.73 1.9 1.83 4.78
AD -40 1.9 1.86 1.81 1.86 2.43
pp -34 0.46 0.48 0.51 0.48 5.21
-40 1.2 1.13 1.23 | 119 4.32
BB -40 0.99 1 1.02 | 1.00 1.52

AB

\AY

WW

Strain Energy Density (SED)

Strain energy density (SED) is calculated as the area under the stress-strain curve. lItis
the work expended in deforming the material, and it has the units of energy per unit volume.
Two sealants can fail or reach a similar stress-strain point; but have a very different SED value.
In addition, a sealant may have the same SED at different temperatures. Therefore, it is
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recommended to use SED with extendibility. It is desirable to have a high SED and a high
extendibility in the field. The SED results for the 15 sealants are presented in Table 9.

Table 9 SED Results for Nine Sealants at Various Temperatures

Sealant Temp SED
(°C) | Rep. 1 Rep.2 | Rep.3 Avg. COV (%)
QQ -4 5.2E-03 | 5.8E-03 | 6.2E-03 | 5.7E-03 8.6
-4 | 2.2E-01 | 1.6E-01 | 1.6E-01 | 1.8E-01 0.1
Y4 -10 | 1.3E-02 | 1.2E-02 | 9.5E-03 | 1.1E-02 4.0
-16 | 5.1E-03 | 4.7E-03 | 5.8E-03 | 5.2E-03 9.9
—4 | 4.8E-02 | 4.6E-02 | 4.4E-02 | 4.6E-02 5.0
YY -10 | 1.2E-02 | 8.9E-03 | 1.2E-02 | 1.1E-02 0.0
-16 | 1.5E-02 | 1.7E-02 | 1.5E-02 | 1.6E-02 7.1
AB -10 | 3.5E-03 | 3.8E-03 | 6.4E-03 | 4.5E-03 4.0
-16 | 2.6E-03 | 2.3E-03 | 2.1E-03 | 2.3E-03 9.1
-4 1.5E-01 | 1.6E-01 | 1.6E-01 | 1.5E-01 5.8
EE -10 | 1.7E-01 | 1.8E-01 | 1.8E-01 | 1.8E-01 3.4
-16 | 3.8E-02 | 2.9E-02 | 2.6E-02 | 3.1E-02 19.4
WV -22 | 2.3E-03 | 1.6E-03 | 2.3E-03 | 2.1E-03 0.1
-16 | 2.2E-02 | 2.0E-02 | 1.9E-02 | 2.0E-02 6.4
-10 | 8.7E-02 | 1.0E-01 | 1.0E-01 | 9.8E-02 9.2
uu -16 | 1.5E-01 | 1.9E-01 | 1.6E-01 | 1.7E-01 13.1
-22 | 4.0E-02 | 3.3E-02 | 3.8E-02 | 3.7E-02 10.1
-22 | 3.8E-01 | 3.7E-01 | 3.2E-01 | 3.6E-01 8.9
DD -28 | 3.4E-01 | 3.2E-01 | 3.1E-01 | 3.2E-01 5.2
-34 | 6.3E-02 | 4.8E-02 | 5.5E-02 | 5.5E-02 13.1
AE -40 | 1.6E+00 | 1.4E+00 | 1.5E+00 | 1.5E+00 7.8
MM -34 | 1.1E+00 | 9.8E-01 | 1.1E+00 | 1.1E+00 6.1
-40 | 7.1E-02 | 6.4E-02 | 7.4E-02 | 7.0E-02 7.8
WW -34 | 7.8E-01 | 7.2E-01 | 8.1E-01 | 7.7E-01 6.0
-40 | 5.4E-03 | 6.1E-03 | 5.8E-03 | 5.7E-03 5.7
NN -34 | 7.5E-01 | 7.2E-01 | 7.1E-01 | 7.3E-01 2.3
-40 | 7.4E-01 | 7.1E-01 | 7.6E-01 | 7.4E-01 3.4
AD -40 | 1.3E+00 | 1.2E+00 | 1.2E+00 | 1.2E+00 3.7
PP -34 | 8.1E-02 | 8.9E-02 | 1.0E-01 | 9.0E-02 11.1
-40 | 8.6E-02 | 6.9E-02 | 7.6E-02 | 7.7E-02 11.1
BB -40 | 2.1E-01 | 1.9E-01 | 2.4E-01 | 2.1E-01 10.5

Modulus Decay Percentage

The percent modulus decay after 10s of loading for the 15 tested sealants was
calculated at various testing temperatures (Figure 23 and 26). As expected, the percent
modulus decay increased with the increase in the testing temperature. Sealant QQ at -4 and -
10°C, ZZ at -16°, VV at -22°C, and WW at -40°C resulted in zero percent modulus decay. This
could be due to either the tested specimen failed within 10s or the elastic behavior of the
material; hence no modulus reduction occurred prior to failure. Sealant AB in Figure 23 shows
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an opposite trend in the percentage of modulus decay. This could be to the quality of data
fitting since the calculation of percent modulus decay heavily relies on fitting the experimental
data with viscoelastic material model (Prony series). Sealant AB failed at 2.7% and 1.83%
strain at -10 and -16°C, respectively and non-brittle failure were observed at both testing
temperature. Material softening was observed prior specimen failure. However, the model was
found to be insensitive enough to capture the softening phenomena. Therefore, the prediction
percent modulus decay for such material may not accurate.

The percent modulus decay can indirectly reveal information on the material state. If the
percent modulus decay at two consecutive testing temperatures is close, the material could be
in the rubbery plateau state. However, if the percent modulus decay changes dramatically
between two consecutive temperatures, the material could be changing between glassy
transition and rubbery plateau states. This could help in the crack sealant selection process as
maintaining crack sealant in the rubbery state is greatly desired.
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Figure 23 Percent modulus decay after 10s of loading for sealants QQ, EE, ZZ, YY, AB, VV,
and UU
DISCUSSION

Crack sealant and binder are both bituminous-based material; however, crack sealant
behaves as polymer modified binder. The polymer contents of crack sealant are varied from as
low as 1% to as high as 18% depending on the geographical location of sealant application.
Because of the high polymer content and addictives, a wider range of stress-strain behavior
could be expected for crack sealants compared to asphalt binders. Four typical types of stress-
strain curves of crack sealant are shown in Figure 25. Sealant may behave as a brittle plastic
for which the stress-strain curve is linear until fracture with a little percentage elongation (curve
A). Low polymer content and high crumb rubber modified sealant behaves this way. A brittle-
ductile failure may be observed; when the tensile load reaches a maximum, sealant may
fracture, curve B, or the specimen may continue to stretch after the maximum load, curve C
(Figure 25). Sealant may also experience ductile failure (curves D and E). Typically, this type
of sealant exhibits a yield point, followed by extensive elongation at almost constant stress.
This is called the plastic flow region and is clearly a region of nonlinear viscoelasticity. After the
plastic flow region, sealant may exhibit strain hardening. This type of sealant usually has
relatively high polymer concentration.
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Figure 24 Percent modulus decay after 10s of loading for sealants DD, AE, MM, WW, NN,
AD, PP, and BB

Sensitivity Analysis of Specimen Geometry and Loading Rate on Stress-Strain Response

Al-Qadi et al. (2007) conducted a sensitivity analysis on the specimen geometry. Three
specimen geometry sizes were compared (Table 10): Type A, which is the original specimen
adopted in the SuperPave™ binder specifications; Type B, which is 40mm long with an effective
length of 33.8mm, 6mm wide, and 3mm thick; and Type C, which is 24mm long with an effective
length of 7.5mm, 6mm wide, and 3mm thick. The effect of cross-section area can be compared
using Type A and Type B specimens. Type B and Type C specimens can be used to compare
the length effect. A thinner specimen, 3-mm-deep, provides better pouring control. This results
in a homogeneous specimen having a strong bond with the end tabs. In addition, a shorter
specimen allows higher testing elongation, close to 100% strain.

Stress, o, kPa

% . 90% 100%
Strain, ¢, %

Figure 25 Stress-strain behavior of crack sealant observed in the direct tension test

31



Table 10 Evaluated DTT Specimen Dimensions

Specimen Width Thickness | Nominal Length | Effective Length
Type (mm) (mm) (mm) (mm)
A 6 6 40 33.8
B 6 3 40 33.8
C 6 3 24 20.3

Crack sealant is a rate-dependent material. A common way to determine the proper
loading rate for testing is by applying various loading rates and plotting the stress-strain
response curves. The elongation rates used in the study were the following: 0.6, 1.5, 3.0, 4.5,
and 6.0mm/min for types A and B specimens. However, an elongation rate of 1.8mm/min was
used for type C specimen. It has to be noted that the deformation rates used in this study are
high compared to the field-measured rates. The DT machine becomes instable at a very low
loading rate. The lowest possible extension rate of the current DT machine is 0.01mm/min. In
addition, it is not practical to select a test rate that is identical to the rate in the field because the
test period for each specimen will be too long. Conducting the test at a high loading rate
simulate greater critical conditions.

Effect of Cross-Section on Stress-Strain Response

The effect of cross-section areas on the stress-strain relationship was investigated by
comparing the results obtained from testing Type A (6mmx6mm) and Type B (3mmx6mm)
specimens using high-polymer-content sealants. As illustrated in Figure 26, high-polymer-
content sealants, WW and PP, showed no major effects due to changes in specimen cross-
section area.

Effect of Specimen Length on Stress-Strain Response

The effect of specimen length on stress-strain response for types B and C specimens
was investigated (Figure 27a and b). Ultilizing the same elongation rate for both types resulted
in a greater stress response in the C specimen than in the B specimen. Since it is of interest to
compare the stress response at the same strain level, two elongation rates, 3mm/min and
1.8mm/min, were applied to specimens B and C, respectively. Considering the corresponding
specimen length, the variation in elongation rates resulted in an identical strain rate of 8.8% per
min for each type.
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Figure 27 Effect of specimen length on stress-strain relationship under the same strain rate
for (a) high-polymer-content sealant, and (b) crumb-rubber sealant

Figure 27 illustrates that specimen C elongates about two to three times specimen B. In
addition, high-polymer-content sealants have shown 10 to 20 times more elongation and up to
two times greater tensile strength than crumb-rubber sealants. Regardless of specimen
geometry, high-polymer-content sealants have shown equivalent peak stress at its maximum
elongation state. Hence, the length effect is negligible in the sealant tensile strength when high-
polymer-content products are used.

Loading Rate Effect on Stress-Strain Response

Figure 28 and 31 depict the stress-strain relationships for the type B specimen at various
elongation rates. It is clear that the stress level increases with the increase in strain rate. As
viscoelastic materials, sealants tend to relax the imposed stress over time; but at different levels.
For example, sealant PP exhibits a cold drawing behavior as the stress becomes constant with
increasing strain. This could be due to the chain-like molecules such as SBS in the sealant
being drawn out of their original amorphous structure into an approximately linear and parallel
arrangement. On the other hand, no clear cold drawing was observed for sealant WW at
various strain rates.

The high-polymer-content sealant in general has shown ductile responses with no sign
for failure up to 30% elongation. On the other hand, failures of the crumb rubber-modified
sealant (YY and ZZ) occur at a strain level lower than 3%. Visual inspection has yielded that YY
and ZZ specimens failed at the binder-rubber particle interface.

To identify an optimal elongation rate for testing sealants, a rate compatible with in-the-
field crack movement at a low service temperature was considered. Generally, the crack
opening rate in the field is extremely slow; the rate used in the current test is relatively high,
which may increase the chance of debonding failure at the specimen-end tab interface. Based
on laboratory testing, it was found that testing at an elongation rate between 1.5 to 3mm/min is
appropriate.
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Figure 28 Stress-strain relationships at various elongation rates for high-polymer-content

sealants (a) WW and (b) PP at -34°C

Temperature Effect on Percent Modulus Reduction

The second parameter investigated in this research is percent modulus reduction (M;).
Figure 30 to Figure 31 show the normalized relaxation moduli versus time at various
temperatures for five sealants. Typically, the rate of moduli reduction increased with
temperature increase. For instance, for sealant DD, the percent moduli reduction at -22°C was
greater than the percentage at -34°C at a given time t (t=10s). This rate increase is also evident
for sealant MM between -40°C and -34°C, sealant EE between -16°C and -10°C. However, for

sealant UU, the difference was insignificant.
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Figure 29 Stress-strain relationships at various elongation rates for crumb rubber-modified
sealants (a) ZZ and (b) YY at-10°C

For sealant MM at -40°C, the data shows that elastic energy is still stored in the sealant
throughout the loading process. This energy dissipates slowly, and if the specimen does not
rupture, it will asymptotically approach a final non-zero plateau. On the other hand, at -34°C,
the dissipation of stored energy for sealant MM is more rapid and greater mechanical relaxation
occurs over a shorter time interval. This transition was not observed over the testing
temperature for sealant UU. This implies that sealant UU is less sensitive to temperature at that
temperature range.
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Figure 31 Stress relaxation behavior of sealant MM at various isothermal temperatures

TEST VARIATIONS

Precision and bias are two of the most important factors that must be considered while
developing performance-based guidelines. Single operator precision (repeatability) results as
defined in ASTM C670, is presented in Figures 37 through 39 for extendibility, maximum stress,
and SED. Precision measures the greatest difference between two or more test results that
would be considered acceptable when a test is conducted properly. For all sealants, the
repeatability as conducted by a single operator is less than 10% and this suggests that the test
is repeatable.
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Figure 33 Stress relaxation behavior of sealant EE at various isothermal temperatures.
Aged Sealants BB, MM, AE, and ZZ were selected to conduct operator variation testing.
A statistical t-test, assuming that two samples have equal variance, was conducted to determine

significant differences among operators. No significant differences were detected for the
extendibility measured by the two operators at the 95% confidence level.
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Figure 36 Comparison of test results for average strain energy density of selected sealants
from two operators

CONCLUSIONS

A modified direct tension test (DTT), crack sealant direct tension test (CSDTT), was
found to be suitable for evaluating crack sealant behavior at low temperature. The following
parameters were considered in the development of the test: simulation of sealant loading
condition when a crack moves, ease of measurement and calculation, and test repeatability. An
optimized testing specimen size was developed and a modified testing procedure was
introduced for crack sealant. The CSDTT specimen, a shorter and thinner version of the
standard DT specimen, was found to be easy to prepare and better simulate sealant field
elongation. The new specimen geometry allows sealant to be stretched up to 95% strain, which
meets the extreme service conditions that sealants experience in the field. Fifteen sealants
were tested at low temperatures ranging from -40 to -4°C. Three performance parameters were
identified to evaluate the crack sealants’ performance at low temperature: extendibility, modulus
reduction percentage after 10s of loading, and strain energy density. The relaxation modulus
reduction percentage gives an indication of a material’s ability to relax the imposed loading. Itis
desirable to have a high SED; but it has to be accompanied with high extendibility. The
extendibility is a good criterion for identifying and distinguishing among sealants. For simplicity,
extendibility parameter is recommended for measurement as part of the performance-based
guidelines for the selection of hot-poured crack sealants.

RECOMMENDATION

The study recommends using the CSDTT as a standard test to evaluate the bituminous-
based hot-poured crack sealant at low temperature. Extendibility is selected as a performance
parameters and is recommended for use in performance-based guidelines for the selection of
hot-poured crack sealants. The threshold for the extendibility dependents on sealants’ lowest
application temperature and is presented in the Table 11. In addition, because the test is
conducted under a relatively higher deformation rate compared to field crack movement, it is
recommended that a +6°C shift be used for sealant testing to simulate low field temperature.
For example, if the lowest application temperature is determined -16°C, the test should be
conducted at -10°C. If the extendibility of the sealant at -10°C is over 25%, the sealant passes
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the criterion and will be approved for use. The recommended thresholds for the extensibility at
various temperatures follow (Table 11):

Table 11 Threshold for extendibility at various temperatures
Temperature -4 -10 -16 -22 -28 -34 -40
(°C)
Extendibility (%) 10 25 40 &5 70 85 85
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APPENDIX A

CSDTT Testing Procedure

PRy -

Step 1: Take test sampl’(in this case, Sealant L) from freezer and Iace on lab table
about 12—24 hrs before testing. This allows for test sample to adjust to ambient temperature
(room temperature).

Step 2:Heat a conventional laboratory oven A to the recommended pouring temperature
(T°C).



Step 3:Heat a conventional laboratory oven B to 50°C blow below the recommended
pouring temperature.

Step 4: Spray release agent (Nix Stix X-9032 from Dwight Products) onto test sample
mold.



Step 5:Place the end tabs into the mold and use 50-mm binder clips to hold the various
mold pieces in place.

Step 6:Place test sample in ' emperatur . Besureto
log the time when test samples are placed into the oven.



Step 7: After selant is placed in oven B for 15in, place empty molds on the preheated

ceramic tile in oven B, which is preheated to 50°C lower than recommended pouring
temperature (T-50°C) for 15mins.

Step 8: 15min after placing test éamples into heated oven A, stir the samples to ensure
that sediments in the sample are thoroughly mixed and distributed. Be sure to scrape the
bottom and sides of the canister. Place the test samples back into the oven after stirring.



Step 9: After sample is heated |n oven A for 30m|n take out sealant and pour the
material into the preheated molds, which are still on the preheated ceramic tile. This action
prevents the sealant from cooling down too rapidly. Be sure to pour from one end of the mold
and proceed slowly towards the opposite end.

Step 10: Use a heated spatula to gently apply pressure at the interface of sealant and
end tabs. This will improve bonding between the sealant and the end tabs.



Step 11: Allow the test specimens to cool for 1hr at room temperature.

Step 12: Use a propane blow torch to heat a cutting knife.



Step 13: Angle the mold downward and trim the excess sealants from the test mold.

Step 14: The specimens should be flush with the top of the molds without any visible
deformation. Unclamp the mold.



Step 15: Once the molds have been unclamped, place them individually into an alcohol
bath. Allow the samples to stay in the bath for 5min.

Step 16: Take out the mold and place it on a flat surface to demold the sealant.



testing.



APPENDIX B

Determination of effective gauge length FOR test SPECIMENS

The method suggested by Tay and Teoh (1989) to determine the effective gauge length
for test specimens is simply the following: It is stated that the elongation of a standard dog-
bone-shaped test specimen due to an applied axial load P is equivalent to that of a simple
rectangular specimen with the same cross-sectional dimensions of the restricted section and
with an effective gauge length, Les. The total elongation of the standard specimen shown in
Figure B-1 is given as follows:

Wa
We

Figure B-1 Symmetrical half of dog-bone-shaped tensile test specimen.
01=2(0a+08) (B-1)

where 85 and dg are the extensions of the restricted section 14 (Figure B-1) and the
transition section 1g.

Hence,
PL.
0= AEﬁ (B-2)

where A is the cross-sectional area of the restricted section and E is the modulus of
elasticity. Therefore,

2AE 2E
Lo :T(SA +SB):?(8A +35) (B-3)

The effective gauge length for any standard geometry can be calculated from Equation
B-3. To obtain the stress in the restricted section of the specimen, a finite element analysis was
conducted (Figure B-2). The stress in the middle portion of the specimen is 1.65MPa, with a
Young’s modulus of 33.5MPa and &t=1. With these values, the effective gauge length of
20.3mm can be obtained.
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Figure B-2 Stress distribution in two directions in the restricted section of a specimen.
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APPENDIX C

Specification

Evaluation of the Low Temperature Tensile Property of Bituminous Sealants by Direct
Tension Test
Sealant Consortium Designation: SC-6

1. SCOPE

1.1.  This method applies to bituminous sealants used in the construction and
maintenance of roadways.

1.2.  The method is used to determine the extensibility and strain energy density (SED)
of sealants at low temperature. It can be used with unaged material or with material aged using
Test Method SC-3 (Vacuum Oven Aging). The test apparatus is designed for testing within the
temperature range from -4°C to -40°C.

1.3. This practice covers the determination of extensibility and percent modulus
decay in bituminous sealants with the use of direct tension testing and by applying tensile
stress-strain test.

2. REFERENCED DOCUMENTS
2.1. AASHTO Standards:

T314, Determining the Fracture Properties of Asphalt Binder in Direct Tension
(DT).

2.2. ASTM Standards:

D6723, Standard Test Method for Determining the Fracture Properties of Asphalt
Binder in Direct Tension (DT).

D5167, Standard Practice for Melting Hot-Applied Joint and Crack Sealant and
Filler for Evaluation.

D6373, Standard Specification for Performance Graded Asphalt Binder.

E77, Test Method for the Inspection and Verification of Thermometers

E145, Standard Specification for Gravity-Convection and Forced-Ventilation
Ovens.

2.3. N. E. Dowling. Mechanical Behavior of Materials (Second Edition). Prentice Hall,
Upper Saddle River, NJ, 1999.

2.4. Documents of the Sealant Consortium (SC):
SC-1, Guidelines for Graded Bituminous Sealants

SC-2, Test Method for Measuring Apparent Viscosity of Hot-poured Crack
Sealant using Brookfield Rotational Viscometer RV.

SC-3, Method for the Accelerated Aging of Bituminous Sealants.

SC-4, Method to Evaluation of the Tracking Resistance of Bituminous Sealants
and Fillers by Dynamic Shear Rheometry.
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SC-5, Method to Measure Low Temperature Sealant Flexural Creep Stiffness at
Low Temperature by Bending Beam Rheometer.

SC-6, Method to Evaluate Sealant Extensibility at Low Temperature by Direct
Tension Test.

SC-7, Blister Method to Predict the Adhesion of Bituminous Sealants.

3. TERMINOLOGY
3.1. Bituminous sealants are hot-poured modified asphaltic materials used in
pavement cracks and joints.

3.2. Effective gauge length. Elongation of a standard dog bone shaped test
specimen due to an applied axial load P is equivalent to that of a simple rectangular specimen
with the same cross-sectional dimensions of the restricted section. Effective gauge length, L,
is defined as the length of the simple rectangular specimen and has been determined to be
20.3mm.

3.3. Tensile stress. Tensile load divided by the true area of cross-section of the
specimen.

3.4. Tensile strain. Change in the effective gauge length by the application of tensile
load divided by the original unloaded effective gauge length.

3.5.  Brittle material. The stress-strain curve is linear up to fracture at about 1% to 2%
elongation.

3.6.  Brittle-ductile material. The stress-strain curve is curvelinear and the stress is
gradually reduced after the peak point. The failure happens by gradually breaking the molecular
bond within the material.

3.7. Ductile material. The material does not rupture in the direct tension test but
elongates due to high strain.

3.8. Rubbery behavior. Materials that exhibit rubbery behavior can be stretched to
extreme elongation without rupture.

3.9. Percent modulus decay. The percentage modulus deduction after 10sec of
loading.

4. SUMMARY OF PRACTICE

4.1. This practice contains the procedure to measure the extensibility and the strain
energy density of a bituminous sealant or filler using direct tension test (DTT). The material is
bonded between two end-tabs made by Plexiglass and subjected to a constant strain rate at a
specific temperature.

4.2. The test method is developed to select the bituminous sealant at temperatures
where they exhibit rubbery behavior.

4.3. A linear variable differential transformer (LVDT) is used to measure the
elongation of the test specimen as it is pulled in tension at a constant strain rate of 6%/min
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(1.2mm/min). A load cell is used to monitor the load during the test. The stress and strain at
the point of rupture or peak load are reported.

5. SIGNIFICANCE AND USE
5.1.  This test is intended for bituminous sealants applied to roadway joints and cracks.

5.2. The test temperature is determined to be the lowest temperature experienced by
the pavement surface in the geographical area for which the sealant is intended.

5.3. The sealant extensibility is a parameter of the capacity of sealant to sustain large
deformations due to crack expansion at low temperature without fracture.

5.4. The percent modulus decay is an indication of how fast the sealant can release
the imposed loading. A higher percentage decay represents that the sealant can relax the load
faster.

5.5. This method is intended for aged sealants, which could become stiffer or softer
with age.

6. APPARATUS

6.1. Direct Tension Test (DTT) Device — The DTT system consists of two metal grips
to hold the specimen, an environment chamber, a loading device, and a control and data
acquisition system. The instrument must meet the requirements stated in AASHTO T314.

6.2. Specimen End Tabs and Gripping System — End tabs made from Plexiglass
material having dimensions as described in Figure 1 that shall be bonded to both ends of the
test specimen to transfer the tensile load to the sealant. The manufacturing requirement of the
end tabs and the gripping system shall meet the requirement in AASHTO T314.

6.3. Chiller and test chamber — A calibrated circulated temperature control system
shall have temperature range from -4°C to -40°C. The insulated test chamber shall be capable
of maintaining a temperature of £ 0.1°C.

6.4. Specimen molds — The specimen molds should be made from aluminum. Molds
shall have dimension as specified in Figure 1. A silicon-based release agent as described later
in 7.2 shall be used to prevent sealant from adhering to the aluminum molds.

6.5. Laboratory Ovens — two standard laboratory ovens — Two forced-air convection
ovens capable of producingreaching and maintaining a temperature of 200 + 0.+ 5°C. for
heating sealant and molds.

7. REAGENTS AND MATERIALS

7.1.  Fluid for Test Chamber — A fluid that is not absorbed by or does not affect the
properties of the crack sealant being tested. The bath fluid shall be optically clear at the test
temperature. Ethyl alcohol is suggested to use as a fluid for temperature control. The aqueous
mixture of potassium acetate and deionized water used in the AASHTO T314 has been found to
form turbid solution at temperature of -40°C.

7.2. Release Agent — A proper release agent to prevent crack sealant sticking to the
mold. A silicon-based released agent is recommended.
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7.3. Solvent — A solvent can properly clean the molds, end tabs, and plates. The
parts cleaned by the solvent shall be submerged in the ethyl alcohol prior to use. This ensures
the proper bond between sealant and end tabs.

7.4.  Cleaning Cloths — Cloths for wiping molds, end tabs, and plates.

8. HAZARDS

8.1. Standard laboratory caution should be used in handling hot sealant in
accordance to ASTM D5167, and required safety procedures should be followed when chemical
agents are used.

9. VERIFICATION AND CALIBRATION
9.1. DTT - Follow the procedure as stated in AASHTO T314.

9.2.  Oven and freezer — Calibrate the temperature with a thermometer that meets the
requirements of ASTM E1. The thermometer calibration can be verified according to ASTM E77.

10. SAMPLES PREPARATION
10.1. Sample and prepare sealant according to ASTM D5167. See Note 1.

Note 1 — It is advantageous to sample about 500g sealant and sequentially pour specimens for
all the tests, including the aging test (SC-3), the low temperature tests (SC-4 and SC-5), and the
adhesion test (SC-6).

10.2. Anneal the sealant from which the test specimen is obtained by heating for 30
minutes. After 15 minutes, place the sealant in the oven, remove the sealant from the oven
shortly, and stir the sealant by spatula to prevent segregation.

10.3. Follow the procedure 9.2 to 9.6 in AASHTO T314 with the following modification.
See note 2 and 3.

Note 2 — If spray-type silicon based release agent is used, start from one side of the mold and
slowly move toward the other side. Only one spray should be applied to the mold.

Note 3 — Place the molds and end tab assembly on top of a ceramic tile heated to

50°C lower than sealant pouring temperature. The ceramic tile should be placed in the
preheated oven for 15 minutes.
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Figure 1. Dimension for DTT, end insert, and mold

11. CONDITIONING
11.1. Follow the procedure as stated in AASHTO T314.

12. PROCEDURE
12.1. Bring the DTT chamber to the test temperature (see Note 4).
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Note 4: Select test temperatures in accordance with the material specification, e.g., SC-1,
ASTM D6373-99.

12.2. Prepare four test specimens according to section 10.

12.3. Follow the procedure 12.2 to 12.3 in AASHTO T314 with the modification as in
notes 5 and 6.

Note 5 — Adjust the load frame to allow 20mm traveling distance then place the specimen on the
loading pin. Remove the slack between the specimen and the loading pins.

Note 6 — Manually adjust the stroke from the control screen/ panel to apply tension in the
specimen until a load of 1£0.5 N is shown on the screen. Then calibrate the stroke and load
back to zero.

12.4. Set the strain rate to 6%/min (This is equivalent to 1.2mm/min) and start the test.

12.5. After the specimen fractures, degradation is observed, or maximum traveling
distance is reached (whichever comes first), stop the test and remove the specimen from the
loading frame.

12.6. The extensibility is identified as follows: When the specimen fractures (breaks
into two pieces), the extensibility is easily identified as the strain at peak load (maximum stress).
When the specimen does not fracture, but reaches a maximum stress and then flows without
fracture, the extensibility is recorded as the strain corresponding to the maximum stress. When
the specimen does not fracture or load reduction is not observed, the extensibility is recorded as
the strain at the end of the traveling distance.

12.7. Repeat 12.3 to 12.6 for the remaining three specimens.

12.8. After testing is complete, discard the bituminous portions of the spent specimens
and clean the end tabs by soaking them in solvent and wiping with a soft cloth. After wiping the
end tabs, use a detergent soap solution to remove any oil film residue left by the cleaner
material. Alternatively, use a degreasing spray cleaner. Clean the end tabs thoroughly. A
grease film on the sealant bonding area can create a weak bond causing bond failures.

13. CALCULATIONS
13.1. For each test result, calculate the engineering stress-strain

o _h (13.13)
Ay
& = ALy (13.14)
I—0
where,

of = peak stress;

P; = measured load at peak;

A, = original cross-sectional area (=18mm?);
€ = measured strain at peak load;

[L¢ = measured elongation at failure (AL); and
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L. = gauge length (=20.3mm).

13.2. For each test result, calculate the true stress-strain

_ AL
F= (13.15)
0
()
szfz PXA: (13.16)
where,
G = true stress;

& = true strain;

P; = measured load at peak;

A, = original cross-sectional area (=18mm?);
& = strain rate.

13.3. The extensibility is identified as ¢

13.4. Select the best three test results which give the best coefficient of variation of the
extensibility. Calculate the mean and standard deviation for the selected three test results.

14. REPORT

14.1. Report the sealant name and supplier, lot number, date received, date sampled
according to ASTM D5167.

14.2. Report the date and time of test, test temperature, rate of elongation, average
extensibility and their standard deviation, peak load, and type of fracture (fracture or no fracture).

15. PRECISION AND BIAS

15.1. Confidence intervals of 95% should be constructed around the average of the
calculated extensibility from the results of the four replicates. The closest three measurements
will then be used to calculate the coefficient of variation while the fourth replicate will be
discarded. A coefficient of variation less than 15% is desirable.

16. KEYWORDS

16.1. Hot-poured bituminous sealant; joint; crack; direct tension test; extensibility;
strain energy density; low temperature; pavement maintenance.
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