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Modification of Bending Beam Rheometer Specimen for Low-
Temperature Evaluation of Bituminous Crack Sealants

ABSTRACT

It is difficult to effectively evaluate the low temperature stiffness of bituminous hot-poured crack
sealants utilizing existing test methods. The standard bending beam rheometer (BBR) was found
to be inappropriate for testing soft bituminous-based hot-poured crack sealant, even at a
temperature of -40°C. The measured deflection exceeded the BBR limit after only few seconds
of loading. To address this issue, the moment of inertia of the tested beam was increased by
doubling its thickness (from 6.35mm to 12.7mm). This allows testing of the softest available
material in the market. For the new beam dimensions, it was found that only 4% of the beam
center deflection is due to shear, a value deemed acceptable for sealant evaluation and
comparison. On this basis, the BBR stiffness of sealants were obtained at several discrete
temperatures between —10°C and —40°C to assess the repeatability of the method for the
evaluation of the low temperature stiffness of bituminous sealants. Ten different sealants were
then tested at -40°C; three out of these ten sealants were further tested at -35°C, -30°C, -28°C, -
25°C, and -20°C; and the three “hard” sealants were tested at -10°C. A minimum of three
replicates were used. The coefficient of variation on the measured stiffness after 60sec of
loading was always lower than 18%, with almost 75% of the measurements having a coefficient
of variation less than 10%. A pairwise comparison showed that the modified BBR could be used
to classify sealant products according to their measured stiffness. Effect of temperature on
stiffness was investigated for three sealants. It was found that the stiffness vary exponentially
with temperature in the temperature range of -40°C to -20°C. A statistical analysis of the results
indicated that the modified BBR method could be used to classify sealants based on low
temperature stiffness.

INTRODUCTION

Crack sealing and filling is a practice used for routine and preventive maintenance, as well as
part of a preservation strategy or a whole corrective maintenance program prior to an overlay.
The main reason for crack sealing/filling is to prevent water from entering the pavement
structure, which usually weakens the pavement structure and accelerates its deterioration. When
crack sealant is applied when needed and properly installed, the pavement life may be extended
by several years. Moreover, several studies have shown crack sealants to be cost effective when
used to preserve pavements (/-7). For example, the province of Ontario reported that crack
sealing added about four years of life to flexible pavements (6).

However, while crack sealing is one of the easiest and most common means of
preventive maintenance, sealant failure is common within the first three years of application. In
addition to the pavement condition, several factors affect the field performance of crack sealants,
which may be divided into two categories: installation related parameters, such as QC/QA, crack
cleaning and preparation, and reservoir configuration; and sealant properties, such as viscosity,
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softness, and bond strength. These factors must be addressed properly to achieve a successfully
sealing operation and to attain the expected life of the sealing job.

Crack sealant specifications are found in ASTM D6690 and AASHTO M173, yet standard
test results correlate poorly with field performance. These tests are empirical and do not measure
rheological properties of the sealant materials. Hence, better sealant durability is urgently
needed. The key to improving sealant durability is to develop effective performance guidelines
for selection and application of sealants. Making good use of the methods and equipment
developed during the five-year Strategic Highway Research Program (SHRP) for asphalt binder
testing and the development of the Performance Grade (PG) system for asphalt binders, more
than 26 State and Province departments of transportation, manufactures, cities, and research
agencies in North America have collaborated to develop performance-based guidelines for the
selection of hot-poured crack sealants. However, in order to use the equipment developed by
SHRP, some modifications are necessary to allow for testing of hot-poured sealants. This paper
presents the modification of the bending beam rehometer (BBR) to test the low-temperature
properties of hot-poured bituminous-based crack sealants.

CURRENT LOW-TEMPERATURE TESTS

Several laboratory tests are currently used to examine the low-temperature properties of hot-
poured bituminous-based crack sealants. The most commonly used tests include the cone
penetration test, the flexibility test, the bond test, and the ductility test.

The Cone Penetration Test provides an indication of the consistency of the material. A
150-gram special cone penetrates into the tested sample for Ssec, and the penetration in dmm is
recorded. The test is usually performed at 25°C, though some agencies perform it at other
temperatures, such as -18°C. Although this test is beneficial as an indication of the consistency
of the material at the testing temperature, it may not provide rheological properties, nor can it be
applied for polymer-modified asphalt, which is the case of most hot-poured sealants.

The Flexibility Test gives an indication of the flexibility of the material at low
temperatures. The test consists of bending a beam sample 90° over a steel mandrel at a uniform
rate. The material passes the test if it does not crack. Utah uses this test (Utah Cold Bend Test)
for its low-temperature specifications of crack sealants (8).

The Bond Test is thought to give an indication of the adhesion characteristics of the sealant
material. Sealant is poured between two Portland cement concrete blocks, which are then
extended for a specific distance (the extension can be fixed at 50% to 200%) at a rate of
3.2mm/hr at low temperature. The sealant is subjected to three cyclic extensions at —18°C or —
29°C. The blocks are then allowed to return to their original spacing at ambient temperature.
The specimen is then checked for cohesive or adhesive failures, which may be influenced by
specimen end effects. The test may be repeated for a specific number of cycles. The test could
be modified by using hot-mix asphalt cubes.

The Ductility Test indicates the ability of the tested material to be stretched without
breaking. A standard briquette of crack sealant material is stretched at a rate of 50mm/min. The
stretched distance before breaking is recorded. The test is usually performed at 25°C, but testing
at 4°C is also common. When testing at 4°C, the pulling rate is reduced to 10mm/min.
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Although the aforementioned tests are used by most state highway agencies for the
selection of their crack sealing materials, the specification limits differ among state agencies,
resulting in confusion regarding sealant selection and recommendations. However, the
difference in specification limits are expected because these tests are empirical and do not well
correlate with field performance (9-11). In a research program by Utah DOT, Belangie and
Anderson could not find any single test that consistently predicted field performance (6).
However, they found that the cold bend test, the ductility test, and the force ductility test were
effective for identifying poor cold-weather performance.

During the SHRP H-106 maintenance experiment and the FHWA LTM of Pavement
Maintenance Materials projects, several laboratory tests were performed on sealants to find
correlations between laboratory results and field performance (/2). The correlations between
laboratory tests and field performance were found to be either weak or non-existent. However,
strong direct and positive relationships were reported as follows: force ductility maximum
elongation at 4°C versus cohesion failure; force ductility load at 150% elongation and 4°C versus
cohesion failure; ultimate elongation at 24°C versus cohesion failure; tensile stress at 150%
elongation at 24°C versus overall failure; and modified bond #1 (reservoir configuration) at 25°C
versus adhesion failure. The study recommended more research to identify reliable
performance-related laboratory tests that would greatly help agencies ensure the proper selection
of a material for a given project. It is in this spirit, that the feasibility of BBR is being evaluated
for testing hot-poured bituminous crack sealants in this study.

BENDING BEAM RHEOMETER

The bending beam rehometer was developed to measure the low-temperature creep response of
asphalt binders (13-15). The equipment applies a constant load, usually 980mN, at the mid-span
of a simply supported asphalt cement beam. The deflection at the center of the beam is then
measured using a linear variable differential transducer (LVDT). In addition to deflection, the
load applied on the beam, the time of loading, and the temperature are also measured and
acquired by the equipment’s data acquisition system. To control the testing temperature, a fluid
bath reservoir, made of stainless steel and insulated with high-density foam backing, is used. A
re-circulating chiller allows the bath temperature to go as low as -40°C, with a stability of +/-
0.1°C.

For this study, the beam dimensions were selected to meet the requirements for using
elementary bending theory (/3). A testing span of 102mm (actual beam length is 127mm), a
beam width of 12.7mm, and a beam thickness of 6.35mm were finally chosen for testing binders.
The time dependent flexural creep stiffness is calculated using Equation 1:

PL’
SM)=——— ey
4bh”5(1)
where S(t) is the stiffness at time t, P is the applied load, L is the span length, b is the beam

width, h is the beam thickness, and &(t) is the measured deflection at time t.

The BBR test, which has been used to assess the low-temperature property of asphalt
paving cements since the 1950s, results in a measure of a rheological property, stiffness (16).
Although the strain resulting from the deflection of the tested specimen is low when compared to
field behavior, the test is thought to better distinguish between sealant materials at low
temperatures than the existing tests.
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PRELIMINARY STUDY

In order to evaluate the feasibility of using the BBR to test bituminous-based hot-poured crack
sealant materials, three sealants were tested: the softest and hardest products from one
manufacturer and a third product by another manufacturer. The softest product is referred to as
Sealant B; the hardest product is referred to as Sealant Q, and the third sealant is referred to as
Sealant N. Their respective penetration values at 25°C were 148, 22 and 75. The specifications
as reported by the manufacturers of the three products are shown in Table 1. Sealants B and N
were purported to meet ASTM D6690, types IV and II, respectively, while sealant Q does not
meet any of the D6690 types.

The procedure used for the binder testing (AASHTO TP1-97) was followed, with the
exception of changing the Mylar strips, with a mix of glycerin and talc, applied with a brush to
all sides of the mold. The Mylar strips were found to stick to the sealant materials.

For the feasibility testing, Sealant Q was tested at -10°C. Figure 1a shows the load and
deflection versus time for one of the tested specimens. The maximum measured deflection of the
beam was 0.7mm after 240sec, which is well below the equipment’s deflection measurement
limit (6.3mm). The stiffness versus time for the six tested specimens is shown in Figure 1b. At
60sec, the measured average stiffness was found to be 154MPa, with a coefficient of variation
(COV) of 19.8%.

Sealant N was tested at -40°C. The deflection reached the equipment’s 6.3mm limit after
only 62sec of loading using the standard load. Reduced loads had to be applied to maintain the
deflection within the limits imposed by the equipment. A test using 490mN resulted in
deflection close to the equipment limit after 240sec. For 250mN, a deflection of approximately
3mm was obtained after 240sec. Figure 2 shows the deflection versus time for the three
aforementioned tests. For the 250mN load, the average stiffness after 60sec of loading was
found to be 12.7MPa and a COV of 4.6%.

Sealant B was also tested at -40°C. The deflection limit of the equipment was reached
after 2sec of loading. The reduced load of 250mN was still excessive; it took approximately
40sec of loading to reach the deflection limit of the equipment. At 100mN, the deflection after
240sec of loading was approximately 4.8mm. The average stiffness after 60sec was 2.2MPa,
with a COV of 9.8%. However, the load was unstable and tended to decrease over time. This
explains the non-smoothness in the deflection curve, as shown in Figure 3.

To overcome these problems, the beam thickness was increased to 12.7mm, instead of the
standard 6.35mm. Figure 4 shows the new mold and the prepared crack sealant beam. Sealant B
was then tested using the new beam dimensions in three replicates. Figure 5a shows the
deflection versus time as well as the load versus time for one of the tested specimens. The load
and deflection were stable over time. The maximum measured deflection was approximately
3.2mm and the measured stiffness is 6.1MPa, with a COV of 3.5%, after 60sec of loading
(Figure 5b). The stiffness is approximately three-fold that measured for the standard binder
beam size at 100mN. This indicates that Sealant B does not exhibit linear viscoelastic behavior.

The above results suggest the feasibility of using a 12.7-mm-thick beam for testing hot-
poured bituminous-based crack sealant materials utilizing the existing BBR equipment.
However, because of the increase in the beam’s thickness, the deflection due to shear would
increase. Hence, an analysis was needed to quantify the percentage in deflection due to shear.
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DEFLECTION DUE TO SHEAR
To determine the percentage of the deflection due to shear, the virtual work method was used.
To determine center deflection, a unit virtual force is applied at the center of the beam (Figure
6a). The resultant virtual shear, v, and virtual moment, m, are shown in Figures 6b and 6c,
respectively. When the real force is applied, Figure 6d, it induces real shear forces, V, and real
moments, M, Figures 6e and 6f, respectivelly. If the beam dx units long, dy units wide, and dz
units high, the internal work, du;, done by the virtual moments, m, due to the action of the real
load is the following:

mMdx
du, =

EI

where E is the elastic modulus and I is the moment of inertia.

2)

The internal work, du,, done by the virtual shear, t*, due to the shearing forces (t) of the
real load is as follows:

du, = %dxdydz 3)
where G is the shear modulus, which is related to the elastic modulus:
E
= “4)
2(1+v)

where v is the Poisson’s ratio.

The external work done by the virtual load due to the application of the actual load is equal
to 1 times wo, where wy is the center deflection. The external work done by the virtual load must
equal the internal work done by the virtual moments and virtual shear stresses, which could be

written as follows:
h/2 bL _=*

L
mM TT
1xw, =|—dx+ ——dxdydz 5
=T ] g e ®
where h is the beam thickness, b is the beam width, and 1 is the beam length

For a beam, shear stresses are distributed according to a parabola, as presented by Equation

— X EZ_ 2
T—(ZI)((Z) z°) (6)

Using the shear diagrams presented in Figures 6b and 6e, the virtual and actual shear
stresses are given by Equations 7 and 8, respectively:

o Lyhy

T —(41)((2) z”) (7
_B EZ_ 2

T—(4I)((2) z7) (®)

Noting that the loading is symmetric with respect to the center of the beam and that the
shear stress is distributed symmetrically with respect to the top and bottom of the beam, and
using Equations 7 and 8, Equation 5 could be written as follows:
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2 L/2 P 2 L/2 h/2 1 P h
wy = [ 2= dx +20 [ [ ——(2)-2°)d )
EI) 22 G 1414 2
From Equation 9,
3
_PU  3PL (10)

W —_
" 48EI 10Gbh

The first term in Equation 10 represents the deflection due to bending. The second term in
Equation 10 represents the deflection due to shear. Equation 10 could also be written as shown
by Equations 11 through 13:

_ P’ 3PL(1+V)
+

W, = 11
% 48EI 5Ebh =
3 2
+
W, = PL' | PLh’(1+v) 12)
48EI 20EI
3 2
+
_ PL (1+12h a v)) (13)

w, =
O 48EI 512

Equation 13 shows that when the length of the beam is much greater than its thickness, the
term in the bracket approaches 1, which means that shear effects are very minimum. The beam
size used for binder testing is 102mm long and 6.35mm high. Assuming a Poisson’s ratio of
0.15, the term between brackets in Equation 13 would equal 1.01, which means that shear effects
contribute only 1% to the center deflection, which is neglected. For the new selected beam, the
thickness is 12.7mm, and for a Poisson’s ratio of 0.15, the term between brackets in Equation 13
would be equal to 1.04, which means that the shear effects contribute to only 4% to the center
deflection, which is deemed acceptable. Once the beam thickness was found to be adequate,
testing with more sealants was needed to evaluate the repeatability of the measurements, to
evaluate whether the test shows differences between sealants, and to study the variation of
stiffness with temperature on some sealants.

DATA ANALYSIS

The repeatability of testing using the BBR with the new beam size was studied by testing ten
different sealants at -40°C (Sealants B, C, G, H, L, M, N, P, S, and W) and three sealants
(Sealants M, N, and P) at -35°C, -30°C, -28°C, -25°C, and -20°C. In addition, three sealants
described as hard (Sealants Q, Y, and Z) were tested at -10°C. The sealant labels were assigned
alphabetically and randomly. A minimum of three replicates per sealant were tested. Figure 7
shows the measured stiffness after 60sec of loading (S¢o) for the 10 tested sealants at -40°C. The
stiffness of the sealants varied from about SMPa to 80MPa.

Figure 8 shows the measured S¢( for sealants M, N, and P versus temperature, which
allowed for an evaluation of the effect of temperature on Sep, while Figure 9 shows the measured
Seo for the tested three sealants at -10°C. The greatest calculated COV for all tested sealants was
found to be 17.1%, while the minimum COV was 1.5%. Figure 10 shows the frequency
distribution and the cumulative frequency distribution for the calculated COV. From this figure,
it is noted that the most frequent calculated COV was between 6% and 8% (28.6% of the
measurements). All measurement had a COV of less than 19%; almost 11% of the
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measurements had a COV of less than 4%, and almost 72% of the measurements had a COV of
less than 10%.

To verify the acceptance of the range of the different results, limits as specified per ASTM
C670-96 (Standard Practice for Preparing Precision and Bias Statements for Test Methods for
Construction Materials) were checked. All calculated ranges were below the ASTM specified
criteria of 3.3 standard deviations when testing three replicates and 3.6 standard deviations when
testing four replicates.

To evaluate whether the testing shows differences between sealants tested at the same
temperature, an analysis of variance was performed on the measured S¢ for the ten tested
sealants at -40°C. Assumptions for performing an analysis of variance are homogeneity of
variance and normality of errors. The data did not have homogeneity of variance, as shown in
plot of residuals versus the predicted S¢o, Figure 11a. A trend is noted that as Seg increases, so
does the residual. This suggests that a transformation of S¢ is needed for an appropriate
analysis. A natural logarithm transformation was applied to Sey and was plotted against the
residuals, Figure 11b. No trend between the natural logarithm of S¢p and the residuals was
found. Hence, an analysis of variance with pairwise comparisons using Tukey adjustments could
be performed on the transformed data. Table 2 shows the results of the analysis. The numbers
indicate the group of products that are statistically similar. Sealants S and C are statistically
similar; Sealants M, L, and N are statistically similar; Sealants N and G are statistically similar;
Sealants W and H are statistically similar, and Sealants P and B are statistically different from all
other sealants.

Sealants M, N, and P were further evaluated to investigate the effect of temperature on
their measured Sep. As was shown in Figure 8, plotting In(S¢) versus temperature results in a
straight line for all three tested sealants. Therefore, S¢y varies exponentially with temperature in
this temperature range for all three sealants. The statistical package SAS was used to find the
regression parameters for the three sealants that fit Equation 14. Table 3 presents the results of
this regression analysis.

In(Sep) =a+b*T (14)
where In(S60) is the natural logarithm of the measured stiffness after 60sec of loading, T is the
test temperature in °C, and a and b are the regression parameters. The values in Table 3 indicate
that sealant N is softer than the other two sealants at 0°C and that its stiffness is relatively more
temperature susceptible.

CONCLUSION

The SHRP-recommended standard bending beam rheometer (BBR) was found to be
inappropriate for testing some hot-poured bituminous-based crack sealants because they exhibit
relatively high deflections under load when compared to asphalt binders, even at -40°C. The
BBR specimen beam dimensions were modified by doubling its thickness (from 6.35mm to
12.7mm). The effect of shear deflection due to the increase in the beam thickness was quantified
at less than 4%. Ten different sealants were then tested at -40°C; three out of the ten were
further tested at -35°C, -30°C, -28°C, -25°C, and -20°C; and the three “hardest” sealants were
tested at -10°C. A minimum of three replicates were used. The repeatability of the testing was
found to be acceptable. The pairwise comparison showed that the BBR could be used to classify
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sealant products according to their measured stiffness. Results from the modified BBR will be
used to establish a stiffness specification limit that well-correlate with field performance.
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TABLE 1 Sealant specifications as reported by the manufacturers
a) Sealant B

Test Result
Penetration, 25°C (dmm) 148
Penetration, -18°C (dmm) 42
Needle penetration, 64°C, 50g, Ssec (dmm) 248
Needle penetration, 58°C, 50g, S5sec (dmm) 218
Flow, 60°C (mm) 0
Resilience, 25°C, % recovery (%) 80
Bond, -29°C, 3 cycles, 100% extension, 12.7mm specimen Satisfactory
Asphalt compatibility Pass
Flexibility, 3.2mm, -40°C, 10sec, 25.4mm, 90° bend Pass
b) Sealant Q
Test Result
Penetration, 25°C (dmm) 22
Resilience, 25°C, % recovery (%) 36
Softening point (°C) 104
Ductility, 25°C, 50mm/minute (cm) 45
Flexibility, 25mm, -1°C, 90° bend, 10sec Pass
Asphalt compatibility Pass
Bitumen content 61
Tensile adhesion (%) 700
Flow, 60°C (mm) 0
Brookfiled viscosity, #5 at 20rpm, 204°C (cP) 6800
¢) sealant N
Test Result
Penetration, 25°C (dmm) 75
Flow, 60°C (mm) 0

Cold bond, -29°C, 3 cycles, 50% extension, 12.7mm specimen | Pass
Cold bond, -29°C, 3 cycles, 100% extension, 12.7mm specimen | Pass

Resilience, 25°C (%) 70
Asphalt compatibility Pass
Prolonged heating (after 6 hours) Pass
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TABLE 2 Results of the Pairwise Comparison with Tukey Adjustments on In(S¢)

Sealant | Mean

4.3466

1*

4.2950

4.0380

\S)

4.0217

[\S)

3.8615

N

3.8307

3.3568

3.2268

2.8430

w|v |z =g|0|z|c|z|aw

1.8080

* Sealants with the same number are not statistically different
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TABLE 3 Regression Parameters and S¢ at 0°C and -10°C for Sealants M, N, and P*

Sealant | a (In S¢o) b (slope) | Sep (@0°C), MPa | S¢y (@—10°C), MPa
M -1.83 (0.20) | -0.15 (0.00) 0.160 0.719
N -5.26 (0.49) | -0.23 (0.01) 0.005 0.052
P -1.97 (0.50) | -0.12 (0.01) 0.139 0.463

* The standard error of deviation is shown in parenthesis
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FIGURE 1a Load and Deformation versus Time for Sealant Q Using the Standard Binder
Beam Dimensions at -10°C
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FIGURE 1b Stiffness versus Time for Sealant Q Using the Standard Binder Beam
Dimensions at -10°C
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FIGURE 2 Deflection versus Time for Sealant N for Three Loading Magnitudes Using the
Standard Binder Beam Dimensions at -40°C
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FIGURE 3 Deflection versus Time for Sealant B for Three Loading Magnitudes Using the
Standard Binder Beam Dimensions at -40°C
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FIGURE 4 Designed New BBR Mold and Crack Sealant Beam
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FIGURE 5a Deflection versus Time and Load versus Time for Sealant B Using the New
12.7mm Beam Thickness at -40°C
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FIGURE 5b Stiffness versus Time for Sealant B Using the New 12.7mm Beam Thickness at
-40°C
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FIGURE 6 Virtual Work Method to Find Center Deflection
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FIGURE 7 Measured S¢o for Ten Sealants at -40°C
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FIGURE 8 S¢ versus Temperature for Sealants M, N, and P
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FIGURE 9 Measured S¢y for Three Sealants at -10°C
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