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Abstract 
 
 
This paper demonstrates that the pressurized blister test can be an 
effective method to predict binder-aggregate bonding.  Recently, 
the blister test has been introduced as a reliable approach to predict 
the bonding between bituminous sealant and aggregate.  Since this 
test measures a geometry-independent parameter that is an inherent 
property of the interface, the test can be applied to any bituminous 
material, from the softest bituminous crack sealant to the most 
brittle binder.  With very brittle material, cohesive failure becomes 
a concern.  Such a failure can be easily prevented by an increase in 
the thickness of the adhesive specimen.  However, an increase in 
specimen thickness also gives rise to shear forces that cannot be 
neglected in the analysis.  Utilizing theoretical and experimental 
analyses, this paper presents the effect of shear forces on the 
interfacial fracture energy (IFE) of adhesive bituminous materials.  
The effect of shear forces on blister deflection is shown as a 
function of material thickness.  In addition, the dependence of IFE 
of bituminous materials on temperature and rate of loading was 
investigated through laboratory testing.  An optimum temperature 
and loading rate can be identified for each material where IFE is 
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optimized.  This may help select appropriate binder/sealant - 
aggregate pairs for improved performance under defined 
environmental conditions.   
 
Key Words: Pressurized blister test, interfacial fracture energy 
(IFE), shear force, sealants 

 

Introduction 
 
 

Since a substantial amount of taxpayers’ money goes 
toward construction and maintenance of flexible pavements, 
ensuring the adequacy and effectiveness of construction and 
maintenance activities is essential.  Bituminous materials are 
mainly used for their adhesion and durability.  They are used to 
bond aggregates together in hot-mix asphalt for construction, 
maintenance and repair, and to seal cracks and joints to prevent the 
ingress of water and debris into the structure.  While there are 
extensive rheological studies on the cohesive properties of 
bituminous materials, their adhesive properties have not been 
researched as well.  In order to ensure desirable performance, a 
bituminous material first needs to adhere to a given aggregate and 
not only provide a strong bond that resists thermal and traffic 
loading but remain intact in the presence of water and endure its 
driven forces.  Therefore, a compatible bituminous material that 
adheres strongly to the aggregate and shows rheological properties 
suitable to a specific climate should be selected (1-4).  After 
selecting the appropriate material, one needs to ensure its proper 
installation (5-7).  

Despite the recognized importance of adhesion of binders 
or sealants onto aggregates, several field observations reported 
stripping from aggregate and premature sealant adhesive failure (8-
11).  Although, the adhesion or bond strength of bituminous 
material to aggregate has been investigated by several researchers 
(11-15), most developed evaluation approaches are qualitative.  
Consequently, bond characteristics are not well defined.  While 
much has been done to help predict the adhesion (10, 11) between 
bituminous materials and aggregates and foresee the effect of 
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water exposure on the bitumen–aggregate interface (12-14), the 
effect of temperature and loading rate on the adhesion properties 
has been overlooked.   

As the rheological properties of binder and bituminous 
sealant vary widely, a test method that can characterize the bond 
between any pair of bituminous material and aggregate would be 
valuable to researchers, contractors, industry, and agencies 
interested in bituminous materials.  Ideally, such a test would 
evaluate compatibility and endurance to thermal and mechanical 
stresses between aggregate and bituminous material pairs.  It 
would also allow for evaluating the effect of aggregate 
composition, aging, weathering, water exposure, and curing on 
bond performance. 

In an attempt to provide a mechanistic adhesion test that 
has the aforementioned capabilities, a pressurized blister test was 
developed and used specifically for hot-poured bituminous sealant 
(16). The test can be applied to any bituminous material as this test 
measures a geometry-independent inherent property of the 
interface. This study demonstrates that the blister test may be used 
for bituminous binders and sealants alike, and that interface 
bonding, as assessed from interfacial fracture energy (IFE), can be 
measured at various temperatures.  In addition, a time-temperature 
superposition highlights the contributions of bulk viscoelasticity 
and interfacial adhesion to interface bonding.  

 
 
 

Experimental Method 
 
 

Three binders (PG 64-22, PG 58-28, and PG 70-22) and 
three sealants (NN, LL and UU), which are widely used in North 
Eastern States and provinces were tested in the blister test.  Binders 
were tested at 5 and 10 °C, while sealants were tested at their low 
service temperatures of –10°C to –34 °C. 

In this test, a servo-hydraulic pump displaces a piston at a 
constant rate.  The upward movement of the piston injects a liquid 
medium (alcohol) at a constant rate of 0.1 L/hr through a channel 
that is connected to the specimen (Figure 1-a).  The specimen is 
composed of an annular (donut-shaped) substrate plate (aggregate 
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or a standard material) covered with binder or sealant on one side.  
Alcohol pushes the adhesive (binder or sealant) a way from the 
substrate creating a blister which continues to grow until the 
adhesive separates from the substrate.  The blister height and the 
applied pressure are recorded during the test and they are used to 
calculate the IFE, Figure 2, as detailed elsewhere (16).  In a 
simplified form, IFE can be calculated as half of the product of the 
maximum pressure and the corresponding blister height.   

In addition to IFE, adhesive modulus can be determined 
from this test using the test data prior to debonding.  It was 
assumed earlier that debonding did not occur before critical 
pressure was reached (16); however, this may not always be the 
case (17, 18).  In order to ascertain that no premature debonding 
occurs while determining adhesive modulus, an annular disk with 
the same inner diameter as the substrate was clamped on top of the 
adhesive to confine it (Figure 1-b). 

In this study, the substrate was an annular disk of 
aluminum, with inner and outer diameters of 25 mm and 125 mm, 
respectively, and a thickness of 6.25 mm.  Fini et al. (16) suggested 
the use of aluminum as a replacement for aggregate.  Because of 
its compatibility with sealant, low diffusion, comparable pore size 
with those of aggregate, high resistance to both very high and very 
low temperatures, and availability, aluminum is an appropriate 
replacement for aggregate in this test.  It also has a coefficient of 
thermal expansion/contraction similar to that of aggregates and its 
roughness can be controlled by applying various surface finishes.  
In this study a 63 nm finish is used for consistency and to improve 
test repeatability.   

During specimen preparation, the inner hole (orifice) of the 
substrate is sealed with a close-fitted aluminum plug that flushes 
with the substrate surface (Figure 3).  Even though the plug is 
closely fitted in the orifice, very low viscosity binders or sealants 
can enter the tiny clearance between the plug and the orifice edge, 
causing inconsistent test results.  To address this problem, and to 
create a debonding area that represents an initial crack at the 
interface between adhesive and substrate, a 0.09-mm-thick and 27-
mm-diameter disc shape transparent fluoropolymer (FEP) film is 
cut and placed on top of the plug.  To align the film with the center 
of the plug, a small pin is pointed on the center of the film and the 
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plug is placed on the pin; each plug has a center hole to let the pin 
pass through.   

 

LVDT 

Aluminum Disk  
Adhesive 

Alcohol 
Piston movement 

Piston  
 (a) 

LVDT 

Aluminum Disk  
Adhesive 

 
(b) 

Figure 1. Blister Test Apparatus (a) without Confining Ring; and (b) with 
Confining Ring (b) 

 
After placing the film, a silicon-based release agent is 

sprayed on top of the film so that the film does not stick to the 
binder or sealant cast on the plug.  Because the film has an 

Piston movement 
Alcohol 

Piston 

Confining Ring 
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adhesive backing, it sticks to the plug. The film and plug are 
removed from the specimen prior to testing (Figure 3).   
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Figure 2. Typical Blister Test Results 
 

 

        
 (a)   (b)   (c) 

 

         
 (d)   (e)   (f) 

   
   (g)  (h) 
Figure 3. Procedures for Specimen Preparation on an Aluminum Substrate: 
(a) Attaching the Transparent Film to the Plug; (b) Assembling the Plug in 
the Substare; (c) Assembling the Molds and Holding Them with a Rubber 
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Band; (d) Pouring Adhesive onto the Substrate; (e) Trimming Extra 
Adhesive; (f) Removing the Plug and Adhesive Film; (g) Assembling the 
LVDT and Running the Test; (h) Specimen after Debonding 

 
The above preparation substantially improves the test 

repeatability.  The thin film not only covers the tiny gap between 
the plug and the annular disk, it also creates an initial debonded 
area that creates an interfacial crack.  The result is a more stable 
debonding process. 

To liquefy and pour the materials, they were heated, stirred 
thoroughly, and then poured onto the substrate (Figure 3). No 
press-cutter was used during the sample preparation because of its 
excessive shearing (16).  Instead, a four-piece mold was assembled 
directly on top of the substrate and the four pieces are held together 
with a rubber band (Figure 4-a).   

Asphalt binders are more brittle than most sealants at low 
temperatures.  Consequently, thin film binder may fail cohesively 
in a blister test (13).  To adapt this test for binders, or brittle 
sealants, and ensure adhesive failure, binders are cast at 4.7-mm-
thick instead of the 2.35-mm-thick for soft sealants (16).  To cast 
4.7-mm-thick adhesives, two molds are stacked; molds are 
fabricated to allow being stacked to prepare thick specimens 
(Figure 4-b).  In addition to bending stresses, the increase in binder 
thickness increases the shear stresses during testing.  This effect is 
addressed in the paper. 

 

   
(a) 

  

(b) 
 

Figure 4. Assembling First Layer (a), Second layer (b) of Stackable Mold to 
Cast Adhesive with Double Thickness 
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After pouring the adhesive in the appropriate mold, the 

specimen is set at room temperature for 1 hr.  Excessive material is 
trimmed away with a heated putty knife, and the sample is placed 
in a cooling bath.  After 15 min, specimens are demolded and 
returned to the bath for another 20 min prior to testing. 

During testing, pressure and blister height increase until a 
critical pressure (pc) is reached, at which point debonding begins 
(Figure 2).  During the debonding period, the pressure decreases 
while the blister continues to grow both horizontally and vertically.  
Pressure and deflection are recorded until pressure drops to 50% of 
the peak pressure.  The peak pressure and the corresponding blister 
height are used to calculate the IFE that relates to the bond strength 
(16).  Once the test is complete, the surface of the substrate should 
be examined to evaluate the failure type.  In the case of non 
adhesive failure and/or internal breakage, test results would be 
discarded. 

 
 
 

Fracture Mechanics 
 
 
Poor bonding can lead to interfacial cracks, or 

delamination. Fracture mechanics can be used to characterize the 
resistance to failure and to predict durability and performance of a 
bond.  Interfacial fractures occur when a pre-existing flaw or crack 
propagates upon the application of a critical load (17-19).  Fracture 
mechanics relates this critical load to the interfacial fracture energy 
(IFE), which is an inherent property of the interface (17, 21).  
Methods to measure the IFE include blister, indentation, scratch, 
and peel tests (19-21). 

The blister test was selected in this study because it allows 
for the application of a load under variable environmental 
conditions.  In addition, the pressure and blister height (Figure 2) 
allow the calculation of the geometry-independent interfacial 
fracture energy (IFE) (16).  In this test, cohesive failure is 
prevented by increasing the binder thickness. 

To study bond susceptibility to water, water could replace 
the ethanol as the liquid medium; this would allow continuous 
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water exposure, both before and during testing.  As the crack tip 
evolves during testing, newly developed surfaces would be 
exposed to water.  Hence, this approach can provide a reasonable 
field simulation of moisture damage when compared to existing 
methods (12-14).  In addition, water exposure time and effects of 
salt and acid/alkaline environment can be controlled in the test.   

Blister test results are independent of specimen thickness 
(16).  However, the extent of shear stress during specimen film 
deformation depends on the film thickness.  As the film thickness 
increases, the shear stress increases.  For thin films, the shear 
forces may be neglected (16-18). However, in this study, the 
specimen is relatively thick.  Hence, the effect of the shear forces 
must be taken into account.   

 
 
 

Bending and Shear Stresses 
 
 

To calculate the IFE from the testing results (Figure 2), the mode 
of deformation must be properly defined.  Depending on the 
adhesive thickness and radius of the orifice, three deformation 
modes can be recognized in the blister test.  Each requires a 
different analysis:   

• The orifice is much larger than the adhesive thickness. In 
this case bending and membrane forces are dominant (17, 
18, 22). 

• The orifice is much smaller than the adhesive thickness.  In 
this case, shear stresses and the stresses concentrated 
around the orifice are dominant.  A fully 3-D state of stress 
is developed in the adhesive (23).   

• Between the above two cases, both bending and shear 
forces in the adhesive film need to be considered (20, 24-
26).  Membrane forces, on the other hand, may be 
negligible depending on the magnitude of deformation.  

 
When the orifice radius is over ten times the film thickness, the 
classical plate theory for thin films relates pressure and deflection.  
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For small deformation and built-in boundary condition this relation 
is presented in Equation 1 (22, 27).    
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where d(r) is the adhesive deformation at a distance r from the 
center of the circular film, p is the pressure inside the blister, a is 
the radius of the orifice, v is the Poisson ratio, E is the sealant 
modulus, and h is the film thickness. 

Equation 1 for pure bending is satisfactory for thin films.  
However, in cases of thick films such as those investigated here, 
shear forces become important.  In this case, equation 1 must be 
expanded by means of the Mindlin first order shear deformable 
theory (FSDT), as presented in Equation 2 (27-28).   
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The second term of this equation accounts for the shear 

deformation of a thick film under axis-symmetric uniform pressure 
(28).  Deformation with and without shear stress was modeled 
utilizing a finite element (FE) code written in MATLAB.  Two 
degrees of freedom per node and Hermitian shape functions were 
used to calculate the stiffness matrix and load vector (27).  Figure 
5 presents the normalized center deformation, d , versus a/h (radius 
of the orifice divided by thickness of the adhesive).   
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where d  is the normalized center deformation; and 0d  is the blister 
height in the center.  
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In this study, the radius of the orifice is 12.5 mm, and the 
thickness of the adhesive is 4.7 mm, so a/h is 2.7.  In the absence 
of shear, the classical plate theory (CPT) predicts a deformation 
independent of a/h.  In contrast, the first order shear deformable 
theory (FSDT) indicates a rapid increase in deformation as a/h 
decreases.  Consequently, the neglect of shear effect leads to an 
underestimation of adhesive deformation.  The error increases 
significantly as the value of a/h decreases. 
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Figure 5.  Normalized Displacement in the Center, d , versus Radius 
Divided by Thickness (a/h) 
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Figure 6.  Displacement versus Radial Distance for both Analytical and 
Numerical Solutions 

 
The numerical FE solutions for both CPT and FSDT are 

compared with the analytical Equations 1 and 2 (Figure 6).  Good 
agreement is observed between the analytical and numerical 
approaches.  Hence, the model may be used to incorporate the 
effect of adhesive viscoelastic behavior.     

 
 

Interfacial Fracture Energy 
 
 

The extent of specimen deformation is governed by the 
balance between the strain energy stored in the film and the 
potential energy provided by the external pressure (29).  In his 
pioneering work, Griffith provided an analytical solution for the 
critical pressure when debonding occurs (29).  He showed that the 
adhered surfaces have surface tension and that crack propagates to 
minimize the overall energy of the system.  This is done by a 
conversion of the strain energy in the film to potential energy.  

Interfacial crack propagation arises from two superimposed 
stress fields.  One is due to specimen deformation while the other 
is from the stress concentration around the orifice.  When the 
specimen is infinitely thick ( ∞→h  ), the first source approaches 
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zero because the plate is too thick to bend or deform.  The IFE is 
then related to the potential energy around the orifice.  For 
intermediate cases both sources of energy are involved.  
Accounting for both energy sources, IFE can be calculated using 
Equation 5; in which the three terms count for bending, shear and 
stress concentration around the orifice, respectively:   
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The dependency of the IFE at the critical pressure on specimen 
geometry (h/a) is shown in Figure 7.  The unitless f(h,a) is 
IFE/[pc

2a/E(t)].  The limiting analytical cases for a thick and a thin 
specimen serve as the two asymptotes in Figure 7; Equation 5 
provide practical solutions between the two limits.  Therefore, 
Equation 5 will be used to calculate IFE for binders and sealants.  
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Experimental Results  
 
 
Figure 8 shows the typical variation of pressure with blister height 
during confined tests at two temperatures.  As pressure increases, 
the blister height does as well.  This height is greater at warmer 
temperatures and at the same pressure.  Bituminous materials are 
viscoelastic; hence, the pressure-deformation relationship is not 
linear.  Pressure increases rapidly at first due to the elastic response 
of the material and slower as the slope decreases due to a delayed 
elastic deformation.  Hence, it is not surprising that the evolution 
of the pressure under the blister can be related to modulus as 
presented in Equation 6 (21, 31): 
  

]
7.1

)1(
3.5

)1([
)(
)()(

2

3

42

h
av

h
av

td
tptE +

+
−

=    (6) 

 
 

0

20

40

60

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Blister Height (mm)

P
re

ss
ur

e 
(k

P
a)

10 ºC 

5 ºC 

5ºC 

10ºC 

 
Figure 8.  Variation of Pressure-Blister Height during Confined Bulging 

Test of a PG 70-22 Binder at Two Temperatures  
 
Figure 9 shows the modulus E(t) calculated using Equation 6.  
Pressure p(t) and blister height d(t) were recorded as functions of 
time (Figure 8).  The fluid pressure rate is constant at 0.1 L/h; h, is 
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4.7mm; a, is 12.5mm; and v is 0.35.  The moduli at the critical 
pressure for various binders and sealants at two temperatures are 
reported in Table 1.  As expected, the PG58-28 showed the lowest 
modulus amongst the binders at any test temperature.  With the 
exception of sealant LL, all bituminous materials showed an 
increase in their modulus as the materials were cooled.   

 
Table 1.  Modulus of Adhesive Film (MPa ) Measured at the Peak Pressure  

Sealant 
  Temperature (ºC) 

10 5 -4 -10 -16 -22 -28 -34 
NN             0.54 0.86 
LL         0.45 0.42     
UU       0.91 1.21       
PG 58-28 0.01 0.02 0.66         
PG 64-22 0.56 5.92             
PG 70-22 0.56 3.62             
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Figure 9.  Adhesive Modulus Using Confined Blister Test 

 at Two Temperatures (5 ºC and 10 ºC)   
 
 
 

Time-Temperature Dependence of the IFE 
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From the modulus values in Table 1, the interfacial fracture 
energy (IFE), which is an indication of bond strength (16), was 
calculated using Equation 5.  The results are presented in Figures 
10 and 11.  The IFE of the softest materials (sealants LL and NN) 
is much higher than that of the stiffer materials.  This is possibly 
due to the greater viscoelastic bulk deformation.  As temperature 
decreases, IFE is decreased for soft sealants, which is most likely 
related to a reduced deformation.  In contrast, the stiffest sealant 
and the binders showed an increase in IFE with temperature 
reduction.   

To better define the relationship between load rate and IFE, 
the time-temperature dependence of cohesive fracture was adapted 
for the adhesive failure of interest here (32).  For this purpose, 
sealant UU was tested at –4ºC to –34ºC using three loading rates: 
0.1, 0.6 and 1 mm/s.  The William-Landel-Ferry WLF shift factor 
was calculated (17) from equation (7): 

)(6.51/)(4.17 ggT TTTTLoga −+−=    (7) 
where aT is a shift factor, T is the test temperature; Tg is the glass 
transition temperature of the bituminous material.  The Tg of the 
adhesive was measured, using Differential Scanning Calorimetry 
(DSC) (11). 
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Figure 10. IFE at Peak Pressure for Aluminum Substrate and Bituminous 
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Figure 11. IFE at Peak Pressure for Aluminum Substrate and Binders 
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Using the Tg value for the UU bituminous sealant (Tg=-

30ºC), the shift factors were calculated at each temperature 
(Equation 7).  The shift factors were used to develop master curves 
for the modulus at critical pressure, Epeak.  The modulus is plotted 
versus the logarithm of reduced rates, aT, multiplied by loading 
rates, R, (Figure 12).  It is evident that the adhesive modulus 
increases with loading rate; regardless of the material’s stage 
(glassy or rubbery).   
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Figure 12. Modulus at Peak Pressure versus Reduced Rate for Sealant UU 

Adhered to Aluminum Substrate 
 
In addition, an IFE master curve was developed against the 

logarithm of reduced rates, aT, multiplied by loading rates, R 
(Figure 13).  Higher rates result in greater IFE up to certain rates; 
beyond which, as the loading rate increases, the IFE decreases.  
This change in pattern is attributed to the material transition from 
the rubbery stage to the glassy status.  This finding supports the 
concept that interface bonding is affected by the coupling effect of 
bulk material and interface.  While at relatively low equivalent 
loading rates (rubbery stage), the bulk characteristics greatly 
contribute to the IFE value; at high loading rates (glassy stage), 
IFE is mainly controlled by the interface property.   
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Figure 13. IFE versus Reduced Rate for Sealant UU Adhered to Aluminum 

Substrate  
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Summary 
 
 
This paper presents the blister test as an effective test method to 
predict bituminous-aggregate bonding.  Not only does it address 
the cohesive failure problem observed in previous studies on 
binder (13); but it also analyzes the blister profile to extract the 
interfacial fracture energy (IFE) from the test data.  In addition, it 
presents the effect of temperature and loading rate on the adhesive 
behavior.  Finally, it shows that there is an optimum 
temperature/loading rate at which the interface bonding is the 
highest.   

Since the binder at low temperature is more brittle than 
most of the bituminous crack sealants, the specimen was cast at 
double the proposed thickness (4.7 mm) for crack sealants to 
prevent cohesive breakage of the adhesive.  However, increasing 
the thickness gives rise to shear forces.  Numerical analysis 
showed that overlooking shear forces can significantly affect the 
analysis of the blister deformation.   
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The IFE of three bituminous sealants and three binders 
were determined at various temperatures/loading rates.  It was 
found that the IFE of the adhesives strongly depends on 
temperature and loading rate.  At the rubbery stage, IFE increases 
as the loading rate increases.  However, at the glassy stage, the IFE 
decreases with loading rate increase.  This study concluded that an 
optimum IFE can be identified for a range of temperatures and 
loading rates.  Therefore, interfacial bonding of specific 
bituminous material/aggregate can be predicted under realistic 
temperatures and loading rates.  This approach may also be used 
for product selection.    
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