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at the interface, through the perforation; the fluid causes a progressive debonding of the membrane. However, blister tests have several
drawbacks, including that the strain energy release rate increases as
the blister radius increases and that membrane debondings become
unstable. The bulged area is anomalous and unpredictable, especially
when the substrate materials are harsh and porous (e.g., cement concrete or porous asphalt concrete). The test is vague about the physical
or chemical effects of the pressurized liquid on the interface between
the two bonded materials.
The shaft-loaded blister test (SLBT), first proposed by Williams,
is an alternative to the pressurized blister test (5). A machine-driven
shaft is utilized to induce central loads and displacements on the membrane. Because of the slightly simpler setup and loading method, the
SLBT has advantages over the traditional blister test and has received
much attention in the past two decades. The main limitation of the
SLBT is the stress singularity caused by its shaft point load. Different
shaft cap shapes are employed to improve this weakness. The most
common improvement is to use a spherically capped shaft or ball with
a certain radius (6, 7).
The peel test is another commonly used method to quantify the
adhesive strength of the membrane to the associated substrate. However, the peel test usually causes large permanent deformation at the
loading point and makes the calculation of the energy release rate
inaccurate. The majority of the mechanical energy supplied in peeling is dissipated or stored in the deformation of the test specimen,
and relatively little energy actually contributes to the fracture process
of the interface.
In recent years, many analytical solutions for blister tests, SLBTs,
and peel tests have been developed (5, 8–11). To adequately characterize the adhesive-bonding strength of various membranes to the
surrounding materials on orthotropic steel decks and collect the necessary parameters for finite element modeling, a membrane adhesion
test (MAT) device has been developed by Delft University of Technology, Netherlands. The innovative MAT device has several advantages.
Through the use of a cylindrical loading piston head, the piston force
can be applied uniformly on the membrane surface with negligible
boundary effects. The cylindrical loading piston heads, designed with
different radii, are optional but minimize damage on the test membrane
so that the reliability of the test results is guaranteed. From the relatively simple analytical solution of the constitutive relation, the energy
release rate and the membrane strain expressions can be derived. A
laser-scanning system is utilized to measure membrane deformation
and capture the profile of membrane deformation over time.

For the adequate characterization of the adhesive-bonding strength
of various membranes and surrounding materials on orthotropic steel
decks and for the collection of the necessary parameters for finite element modeling, details of the membrane adhesion test (MAT) are introduced. Analytical constitutive relations of the MAT device have been
derived from the same methodology used by Williams (1997). Furthermore, through the use of the experimental data obtained from the MAT,
the ranking of the bonding characteristics of various membrane products is demonstrated, as is the role of other influencing factors, such as
test temperatures and types of substrate.

The problems reported worldwide of distress on orthotropic steel
bridges between the surface layers and the bridge decks indicate the
need for further research on the interaction between them. The severity
of the problem is enhanced by the considerable increase in traffic, particularly trucks and heavier wheel loads. Innovative m
 ethodologies offer
opportunities to mitigate material response degradation and fatiguerelated problems in this type of structure and, therefore, contribute to
the significant extension of the service life of steel bridges.
Preliminary investigations have shown that the adhesive strength
of the membrane layers between the surface layers and the decks
of steel bridges has a strong influence on the structural response of
orthotropic steel bridge decks (1, 2). The most important requirement
for the application of membrane materials to orthotropic steel bridge
decks is that the membrane adhesive layer is able to sufficiently bond
to the surrounding materials.
A number of techniques have been developed to quantify the adhesive strength between the membrane and the associated substrate.
Among others, the blister test, initially suggested by D
 annenberg (3)
and discussed by Gent and Lewandowski (4), is most commonly
used. The test specimen in the blister test consists of a perforated
substrate with a thin flexible bonded membrane. A fluid is injected
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In this paper, details of the MAT test are introduced to characterize
the adhesive characteristics of various membranes and surrounding
materials. Analytical constitutive relations of the MAT device have been
derived from the same methodology used in Williams (10). Furthermore,
on the basis of experimental data obtained from the MAT device, the
ranking of the bonding characteristics of different membrane products
is demonstrated, as is the role of other influencing factors, such as the
test temperature and type of substrate. The availability of the MAT
results will allow a better understanding of the performance of the
membrane and enable maintenance activities to be optimized.

Apparatus
The MAT test system consists of a loading device, an environmental
chamber, a laser-scanning device, and a data acquisition system. The
loading device includes a computer-controlled loading component
that, during each loading cycle in response to commands from the
data-processing and control component, adjusts and applies a load
on the tested membrane. The loading device is capable of (a) provid-

ing repeated haversine loading at a frequency range of 0 to 12 Hz,
(b) lifting the piston to the maximum height of 130 mm after the piston
comes into contact with the test membrane, (c) providing a maximum
force of 5 kN, and (d) providing two piston heads with radii of 90 mm
and 75 mm. Figure 1 illustrates the components of the MAT device.
The laser-scanning system senses the shape of the deformed
object and collects data that define the location of the outer surface
of the membrane. A line laser is utilized to measure the profile of
membrane deformation over time across a 150-mm width. The laser
scanner can be operated in a temperature range of −10°C to 55°C.
The frequency of the laser scanner is up to 250 Hz for the full range.
An environmental chamber is utilized to enclose the entire test
setup and maintain the specimen at a controlled temperature. The
environmental chamber is not required if the temperature of the surrounding environment can be maintained within the specified limits.
The chamber can provide a temperature range of −15°C to 80°C and
a relative humidity range of 10% to 95%.
During each load cycle, the control and data acquisition systems
can measure the load and deformation of the piston and adjust the
load or displacement applied by the loading device and the loading

(a)

(b)

(d)
(c)
FIGURE 1   Schematic of MAT device.
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FIGURE 3   Cylindrically capped MAT: membrane in full
contact with piston head.

cylindrically capped piston). The deformed height of the center point
at the outer surface of the membrane is H. Two contact situations
may occur in the MAT tests. The first is that the piston is in partial
contact with the membrane (see Figure 4). The second is that the
membrane is in full contact with the piston and is stretched straight
after the kinks of the piston touch the membrane (see Figure 3). In
Figures 3 to 5, c indicates half the width of the contact area between
the piston and the membrane, a is the membrane debonding length,
and θ is the membrane strip angle. In Figure 5, P is the force along
the membrane strip.
The complete solutions of the load point height (H) and the membrane strain (ε) are summarized by the combination of the two contact
situations:
a tan θ − R 1 − cos θ 

 cos θ 
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( a − w ) tan θ + R − R 2 − w 2
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FIGURE 4   Cylindrically capped MAT: membrane in
partial contact with piston head.
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To derive the constitutive relations of the MAT test, a deformed thin
membrane with thickness h and width b is used (see Figures 3 to 5).
A central load (F) is applied to the membrane through a cylindrically
capped piston with radius R and width 2w (w = half the width of the

w
R

The variables in Equations 1 and 2 are the same as those defined in
Figures 3 to 5.

H

Constitutive Relations

if sin θ ≤

1 − cos θ  + R (θ − tan θ)
 cos θ  a
ε=
1 − cos θ  − w + Rθ0
 cos θ  a cos θ
a

R

In the Netherlands an asphalt surface structure for orthotropic steel
bridge decks mostly consists of two asphalt layers and two membrane adhesive layers. The upper layer consists of porous asphalt for
noise hindrance. For the lower layer, Guss asphalt is used. The two
membrane adhesive layers are used to bond the surrounding materials
together on steel decks; see Figure 2. To characterize the adhesivebonding strength of various membrane products utilized in Dutch
steel deck bridges, three specimens are included in this research
project. The specimens are a steel membrane (SM) specimen, a Guss
asphalt concrete membrane (GM) specimen, and a porous asphalt
membrane (PM) specimen.
For the preparation of the SM specimen, two pieces of square steel
plate, with a thickness of 6 mm, are used. The steel plate is cleaned
in accordance with EN ISO 8503-1. The membrane, of thickness t, is
bonded to the steel plate in accordance with the standard procedures
provided by the membrane manufacturer.
The GM system consists of two interfaces: the membrane on the
bottom of the Guss asphalt (named GM1) and the membrane on the top
of the Guss asphalt (named GM2). Therefore, two GM specimens are
prepared. Because of the physical characteristics of the Guss asphalt, a
mold is utilized for the preparation of the GM specimens. The procedures used to install the membrane on the top or the bottom of the Guss
asphalt are those given in the membrane manufacturer’s specification.
For the preparation of the PM specimen, a mold is utilized. The
dimensions of the PM specimen are 400 × 150 × 40 mm. The porous
asphalt is compacted on top of the membrane. After compaction, the
porous asphalt requires a minimum curing time of 14 days and a maximum curing time of 8 weeks before testing. The preparation of the
porous asphalt is performed in accordance with NEN-EN 12697-33.

h

F

FIGURE 2   Schematic of typical Dutch
asphalt surface system on a steel bridge.

frequency. In addition, the device can record load cycles, applied
loads, and piston deformations.
In this paper, details of the MAT test are introduced to characterize
the adhesive characteristics of various membranes and surrounding
materials. Analytical constitutive relations are derived for the MAT
device. Furthermore, on the basis of experimental data obtained by
the MAT device, the ranking of the bonding characteristics of different membrane products is demonstrated, as is the role of other influencing factors, such as the test temperature and the type of substrate.
The availability of the MAT results will allow a better understanding of the performance of the membrane and enable maintenance
activities to be optimized.
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FIGURE 5   Force resolution for MAT.
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The total applied stress (σ) can be decomposed into two components: the stress σ1 in the viscoelastic component and the stress σ2 in
the elastic component. The total applied stress can be expressed as
σ = σ1 + σ 2 = E∞ ε + E1 ( ε − ε v )
E1 ( ε − ε v ) = η ε v

FIGURE 6   Schematic of Zener model.

(6)

where
t

 E 
 E

ε v = ε ( t ) − ε ( 0 ) exp  − 1 t  − ∫ exp  − 1 ( t − τ ) ε ( τ ) dτ
 η  0
 η


To show the relationship between actuator load F and membrane
strip angle θ, a schematic of force resolution for the MAT is illustrated
in Figure 5.
The force along the membrane strip (P) is
P=

F
= σbh
2sin θ

and
εv = viscous strain of the membrane,
ε(0) = initial strain at time zero, and
τ = integral variable.

(3)

Actuator load F becomes
F = 2σbh sin θ

Specimen Preparation

(4)

The strain energy release rate (or, simply, the energy release rate) G is
the energy dissipated during a fracture per unit of newly created fracture surface area and, as such, is expected to be the fundamental physical quantity that controls the behavior of the material-bonding strength.
Through the consideration of a membrane that is adhered to a substrate,
as shown in Figure 3, and through the use of a Griffith argument (12),
the general definition of the energy release rate can be expressed as

Furthermore, for an elastic membrane, the actuator load for the
two previously mentioned contact situations can be expressed by

1 − cos θ  R

2bh sin θE  cos θ  − a ( tan θ − θ)

w

if sin θ ≤
R

F = 2bhσ sin θ = 
2bh sin θE 1 − cos θ  − w + Rθ0 
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G=

)

d
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dA

where
Uext
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Ud
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A

where E is Young’s modulus of the membrane material.
For bridge construction, the membrane products utilized for MAT
tests are mostly made from bitumen-based materials; therefore, the
mechanical responses of the membrane material are time dependent
and temperature sensitive. To study the membrane response properly,
the membrane has to be treated as a viscoelastic material. In this
investigation, the Zener model is utilized to compute the stress (σ)
in Equation 4.
Figure 6 shows the mechanical analog of the viscoelastic Zener
model. The model consists of two parallel components. One is purely
elastic and has a modulus E∞, and the other is viscoelastic and consists
of a spring with modulus E1 and a damper with viscosity coefficient η
in a series.

=
=
=
=
=

external work,
strain energy,
dissipated energy,
kinetic energy, and
area created.

As shown in Figure 7, a strip membrane is bonded to a substrate
surface and debonded over length 2a; H, a, and θ change during the
membrane debonding, but the continuity condition (the membrane
strip length 2s) increases such that ds = da. Now, a = s • cosθ and
H = s • sinθ; in other words
da ds
s sin θ
i cos θ − s i sin θ = −
=
dθ dθ
1 − cos θ

F

ds

s+

s

H

b

H

s
h

θ
da

(7)

a

FIGURE 7   Schematic of debonded membrane strip.

(8)
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and
dH ds
i sin θ + s i cos θ = − s
=
dθ dθ

(9)

Therefore
dH 1 − cos θ
=
da
sin θ

(10)

According to Williams, for a flexible but inextensible membrane
strip with a slow peeling load, the strain energy release rate G
becomes (10)
G=

dU ext F i dH
F
(1 − cos θ)
=
=
2bda
2bda
2b sin θ

(11)

For the linear elastic and extensible membrane strip in Figure 7,
the energy release rate in Equation 11 can be written as
G=

F 
ε
1 − cos θ + 
2b sin θ 
2

(12)

With Equation 2 substituted into Equation 12, the strain energy
release rate G of the MAT test becomes

In this paper, the MAT monotonic test results of three membranes
(“AA,” “BB,” and “CC”) bonded with three substrates (steel, Guss
asphalt, and porous asphalt) are presented. To determine the role of
the ambient temperature, the tests were performed over a temperature
range of −5°C to 10°C.
Figures 8 through 11 show the variations of the piston reaction
force obtained by the MAT device versus the membrane debonding
length. The following observations are made:
• The mechanical response of the membrane product is influenced
not only by the surrounding substrate but also by the environmental
temperature;
• Initially, the piston reaction force increases linearly. In most
cases there is either a gradually increasing nonlinearity or a sudden
crack extension and arrest, followed by nonlinearity;
• In most cases, Product BB develops a higher reaction force
than Products AA and CC; and
• All products within the SM, GM1, and PM samples show a
higher reaction force at the lower temperature; the products within
the GM2 sample do not.
Figure 12 provides a comparison of the critical strain energy
release rate (Gc) of the samples at temperatures −5°C, 5°C, and 10°C.
The following observations and conclusions are made:

Because actuator load F and membrane strip angle θ in Equation 13 can be measured directly by a MAT device, the critical
value of G = Gc can be determined when the membrane starts to
debond.

• The bonding strength of the membrane products depends on the
characteristic properties of the substrate material and the environmental temperature.
• In general, Product BB in the GM and PM samples gives a higher
Gc at all test temperatures. The Gc values of Products AA and CC in the
PM sample decrease with an increase in temperature. The Gc values of
Product CC in the SM and GM2 samples increase with temperature;
Products AA, BB, and CC in the GM1 samples have their highest
Gc at 5°C.
• Through a comparison between Figure 12 and Figures 8 through
11, it can be observed that a higher maximum piston reaction force
does not necessarily result in higher Gc values. This inconsistency
may be because the maximum piston reaction force represents both
membrane material response and membrane-bonding characteristics.

(a)

(b)

  a cos θ − 2a cos 2 θ + a
F

  + Rθ cos θ − R sin θ 

4 ab sin θ cos θ
G=
  a cos θ − 2a cos 2 θ + a
F


  + Rθ0 cos θ − w

4 ab sin θ cos θ

if sin θ ≤

w
R

otherwise sin θ >

(13)
w
R

FIGURE 8   Force versus debonded length of SM samples at (a) −5°C and (b) 10°C.
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(a)

(b)

FIGURE 9   Force versus debonded length of GM1 samples at (a) −5°C and (b) 10°C.

(a)

(b)

FIGURE 10   Force versus debonded length of GM2 samples at (a) −5°C and (b) 10°C.

(a)
FIGURE 11   Force versus debonded length of PM samples at (a) −5°C and (b) 10°C.

(b)
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(a)
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(c)

(d)

FIGURE 12   Comparison of strain energy release rate for (a) SM samples, (b) GM1 samples, (c) GM2 samples,
and (d) PM samples.

However, Gc is a physical material quantity that only controls the
behavior of the membrane-bonding strength.
Conclusions
On the basis of the results presented in this paper, the following
conclusions can be made:
1. The MAT setup is capable of characterizing the adhesivebonding strength of the various membranes and surrounding materials.
The MAT results give a better understanding of the performance of the
membrane on the bridge structure and, therefore, allow maintenance
activities to be optimized.
2. Gc is a fundamental physical quantity that can be utilized to
quantify the membrane adhesive-bonding strength with different
substrates.
3. The bonding strength of the membrane product depends on the
material characteristics of the substrate material and the environmental
temperature.
4. In the near future, the MAT cyclic load test will be developed
to characterize the membrane fatigue life. The influence of material
nonlinearity on membrane adhesive strength and fatigue life will be
studied further.
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