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Abstract: In order to adequately characterize the adhesive bonding strength of the various
membranes with surrounding materials on orthotropic steel decks and collect the necessary
parameters for FE modeling, details of the Membrane Adhesion Test (MAT) are introduced.
Analytical constitutive relations of the MAT device have been derived using the same methodology
as Williams (1997). Furthermore, using the experimental data obtained from MAT, ranking of the
bonding characteristics of various membrane products is demonstrated as well as the role of other
influencing factors, such as the types of substrate and test temperatures.

Keywords: membrane; orthotropic steel deck bridge; adhesive bonding strength; finite element;
strain energy release rate
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INTRODUCTION

The world-wide reported distress problems between the surfacing layers and the decks of orthotropic
steel bridges indicate the need for further research on the interaction between them. The severity of
the problem is enhanced by the considerable increase in traffic in terms of number of trucks and
heavier wheel loads. Innovative methodologies offer opportunities to mitigate material response
degradation and fatigue related problems in this type of structures thus contributing to significant
extension of the service life of steel bridges.

Preliminary investigations (1) (2) have shown that the adhesive strength of the membrane
layers between the surfacing layers and the decks of steel bridges has a strong influence on the
structural response of orthotropic steel bridge decks. The most important requirement for the
application of membrane materials on orthotropic steel bridge decks is that the membrane adhesive
layer shall be able to provide sufficient bond to the surrounding materials.

A number of techniques have been developed in the past to quantify the adhesive strength
between the membrane and the associated substrate. Among others, the blister test, initially
suggested by Dannenberg (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 at the interface through the perforation, thereby causing a progressive
debonding of the membrane. However, blister tests have several drawbacks, such as the strain
energy release rate increases as blister radius increases and membrane debondings become unstable.
The bulged area is anomalous and unpredictable especially when the substrate materials are harsh
and porous, for example, cement concrete or porous asphalt concrete. It is vague about the physical
or chemical effects of the pressurized liquid on the interface between the two bonded materials.

Shaft loaded blister test (SLBT), first proposed by Williams (5), is an alternative to the
pressured blister test. A machine driven shaft is utilized to induce central loads and displacements
on the membrane. Because of the slightly simpler setup and loading method, SLBT has its
advantages over the traditional blister test and received much attention in the last two decades. The
main limitation of the SLBT is about the stress singularity caused by its shaft point load. Different
kinds of shaft cap shapes are employed to improve this weakness. The most common way is using a
spherically capped shaft or ball with certain radius, (6) and (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, which makes the calculation of the energy release rate inaccurate.
The majority of mechanical energy supplied in peeling is dissipated or stored in deforming the test
specimen and relatively little energy actually contributes to the fracture process of the interface.

In the recent years, a considerable number of analytical solutions for blister tests, SLBT and
peel tests has been developed. The representative contributions were made by (8), (5), (9), (10) and
(12).

In order to adequately characterize the adhesive bonding strength of the various membranes to
surrounding materials on orthotropic steel decks and collect the necessary parameters for FE
modeling, a Membrane Adhesion Test (MAT) device has been developed by the Delft University of
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Technology. The innovative MAT device has several advantages. By using 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 to
minimize damage on the test membrane so that the reliability of test results is guaranteed. From the
relatively simple analytical solution of the constitutive relation, the energy release rate and
membrane strain expressions can be derived. A laser scanning system is utilized to measure
membrane deformation, capturing the membrane deformation profile over time.

In this paper, details of the MAT test are introduced to characterize the adhesive characteristics of
the various membranes with the surrounding materials. Analytical constitutive relations of the MAT
device have been derived using the same methodology as Williams (1997). Furthermore, on the
basis of experimental data obtained from the MAT device, ranking of the bonding characteristics of
different membrane products is demonstrated as well as the role of other influencing factors, such as
the substrate type and test temperature. Availability of the MAT results will allow a better
understanding of performance of the membrane allowing optimization of maintenance activities.

APPARATUS

The MAT test system consists of a loading device, an environmental chamber, laser scanning
device and a data acquisition system. The loading device includes a computer controlled loading
component which, 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 (1) providing repeated haversine loading at a frequency range of 0 Hz to 12 Hz, (2) lifting
the piston to the maximum height of 130 mm after the piston comes to contact with the test
membrane, (3) providing a maximum force up to 5 kN, (4) providing two piston heads with radius
of 90mm and 75mm. Figure 1 illustrates the components of the MAT device.

The laser scanning system senses the shape of the deformed object and collects data that
defines the location of the outer surface of the membrane. A line laser is utilized to measure the
membrane deformation profile over time across 150 mm width. The laser scanner can be operated in
a temperature range from -100C to 550C. The frequency of the laser scanner is up to 250Hz for the
full range.

An environmental chamber is utilized to enclose the entire test set up and maintains the
specimen at controlled temperature. The environmental chamber is not required if the temperature of
the surrounding environment can be maintained within the specific limits. The chamber can provide
temperature range of -15°C to 80°C and relative humidity range of 10% to 95%.

During each load cycle the control and data acquisition system are capable of measuring the
load and deformation of the piston and adjusting the load or displacement applied by the loading
device and the loading frequency. In addition, it is capable of recording load cycles, applied loads,
and piston deformations.

In this paper, details of the MAT test have been introduced to characterize the adhesive
characteristics of the various membranes with the surrounding materials. Analytical constitutive



80
81
82
83
84
85
86

108
109
110
111
112
113
114
115
116
117
118
119
120
121

Liu X., Scarpas A., Li J., Tzimiris G., Hofman R. & Voskuilen J. 4

relations have been derived for the MAT device. Furthermore, on the basis of experimental data
obtained using the MAT device, ranking of the bonding characteristics of different membrane
products is demonstrated as well as the role of other influencing factors, such as the substrate type
and test temperature. Availability of the MAT results will allow a better understanding of
performance of the membrane allowing thus optimization of maintenance activities.

FIGURE 1 Schematic of MAT device

SPECIMEN PREPARATION

In the Netherlands an asphaltic surfacing structure for orthotropic steel bridge decks mostly consists
of two structural layers. The upper layer consists of Porous Asphalt (PA) because of reasons related
to noise hindrance. For the lower layer a choice between Mastic Asphalt (MA) or Guss Asphalt
(GA), can be made, see Figure 2. In order to characterize the adhesive bonding strength of various
membrane products utilized in the Dutch steel deck bridges, three types of specimen, i.e. steel-
membrane specimen (SM), Guss Asphalt Concrete-membrane specimen (GM) and Porous Asphalt-
membrane specimen (PM), are included in this research project.
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Porous asphalt

1 L 1

Figure 2 Schematic of a typical Dutch asphalt surfacing system on a steel bridge

For the SM specimen preparation, two pieces of square steel plates with thickness 6 mm is
used. The steel plate shall be cleaned in accordance with EN ISO 8503-1. The membrane with
dimension (t is the thickness of the tested membrane) shall be bonded to the steel plate in
accordance with standard procedures provided by membrane manufacturers.

Because the GM system consists of two interfaces, one is the membrane on the bottom of the
guss asphalt (named GM1) and another is the membrane on the top of the guss asphalt (named
GM2). Therefore two types of GM specimens shall be prepared. Due to the physical characteristics
of Guss asphalt, a mould shall be utilized for preparation of GM specimens. The procedures of
installation of membrane on top or bottom of the guss asphalt shall be according to the membrane
manufacture specification.

For the preparation of PM specimen, a mould is utilized. The PM specimen dimension is
400mm by 150mm by 40mm. 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 of 8
weeks before testing. Porous asphalt preparation shall be performed in accordance with NEN-EN
12697-33.

CONSTITUTIVE RELATIONS

In order to derive the constitutive relations of the MAT test, a deformed thin membrane with
thickness h and width b is shown in Figure 4. A central load, F is applied to the membrane via a
cylindrically capped piston with radius, R. The deformed height of the centre point at the outer
surface of the membrane is H. There are two contact situations that may occur in the MAT tests. The
first situation is that the piston partially contacts the membrane, see Figure 3. The second situation is
the membrane contacts fully to the piston and the membrane will be stretched in straight after the
kinks of the piston touch to the membrane, see Figure 4.
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191

192 The complete solutions of the load point height H and the membrane strain, ¢ are
193  summarized by the combinations of the aforementioned two contact situations:
194
atano—R|[ 129 sino<
coso R
H 1)

(a—W)tan0+R —R2 - W2 (sin6>%j

195

cos0 a

g= (2)
1-cos0 w RO, . w
- + sSin® > —
cos0 acosO a R

(1_Cosej+5(6—tan 0) (sine < %j
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where the notations in equations (1) and (2) are indicated in Figure 3 and Figure 4.
In order to derive the relationship between actuator load F and the membrane strip angle 6, a
schematic of force resolution for MAT is illustrated in Figure 5.

N ’

e

>
t /
/
F
\\ -

FIGURE 5 Force resolution for MAT

Force along membrane strip is:

P—_F _obh 3)
2sin 0
Actuator load F becomes:
F=2cbhsin©6 4)

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

2bhsin BE{(l_Cosej—E(tan 9—6)} (sin@s%)

) cos 0 a
F=2bhosin® = (5)
2bhsin OE (1—0059)_ w + R, (sine>wj
cos0 acos® a R

However, for bridge construction, the membranes products which are utilized for MAT test are
mostly made by bitumen-based materials, thereby the mechanical responses of the membrane
material are time dependent and temperature sensitive. In order to study the membrane response
properly, membrane has to be treated as a visco-elastic material. In this investigation, Zener model is
utilized for computing the stress o in equation (4).

For sake of convenience, Figure 6 shows the mechanical analog of visco-elastic Zener model.
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FIGURE 6 Schematic of Zener model

The model consists of two parallel components. One is purely elastic with modulus E., and the
other is viscoelastic consisting of a spring with modulus E; and a damper with viscosity coefficient
n in series.

The total applied stress ¢ can be decomposed in two components. one is the stress o3 in the
viscoelastic component and the other is the stress o in the elastic component. It can be expressed as:

c=0,+0,=E e+E (e—¢,) A
E.(e—¢,)=n¢, ©

t
inwhich ¢, = a(t)—a(O)exp[—EtJ—jexp[—E(t—r)}:(r)dr is viscous strain of membrane
n 0 n

and ¢(0) is the initial strain at time zero.

STRAIN ENERGY RELEASE RATE

The strain energy release rate G, characterizes the energy per unit crack or debonding area required
to extend, and as such is expected to be the fundamental physical quantity controlling the behavior
of the material bonding strength. Considering a membrane adhered to a substrate as shown in Figure
4, using a Griffith argument (12), the general definition of energy release rate can be expressed by:

d

G=—o
dA

[Uext_Us_Ud_Uk] (7)

where U, is the external work; Ujis the strain energy; Uy is the dissipated energy; U, is the kinetic

energy; A is the area create.

By considering a strip membrane bonded to a substrate surface and debonded over a length
2ain Figure 7, H, a and 6 change during membrane debonding but with the continuity condition the
slopping length 2s is increased such that ds=da . Now that a=s-cos0 and H=s-sin0, i.e.

da ds ) ssin®
— =—-00S0—-S-SiN0=—
do do 1-cos0

(8)

also
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dH ds

T sin6+s-c0sO =-s 9)
253 hence
dH 1-cos6
da sin6 (10)
254
255
256
257
258 H
259
260
261 TP RO PR PR PP,
262 :‘LI_“" a ™
263
264  FIGURE 7 Schematic of debonded membrane strip
265
266 According to Williams [10], for a flexible but inextensible membrane strip with a slow
267  peeling load, the strain energy release rate becomes:
_dU,, FdH F
©=Jbda ~ 2bda _ 2bsing %Y (1)
268
269 For linear elastic and extensible membrane strip in Figure 7, the energy release rate in Eq.
270  (11) can be written by:
F €
G 2bsine(1 cose+2) (12)
271 By substituting Eqg. (2) into (12), the strain energy release rate G of MAT test becomes:
272
F(acose—Zacosz9+a+R6cose—Rsine) . W
- sing<—
4absin6cos 0 ( )
G= (13)
F(acose—Zacosze+a+Reocose—W) W
- sSinf > —
4absin6cos 6 [ j
273
274 Since the actuator load F and membrane strip angle 6 in equation. (13) can be measured

275  directly via MAT device, the critical value of G=G, can be determined when the membrane starts to
276  debond.

277

278 RESULTS AND DISCUSSIONS

279
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In this paper, MAT monotonic test results of three different membranes indicated by AA, BB and
CC bonded with three different substrates (Steel, Guss asphalt and Porous asphalt) are presented. To
determine the role of ambient temperature, the tests were performed over the range of temperatures -

5°C to +10°C.

Figure 8 through Figure 11 show the variations of piston reaction force obtained by the MAT

device versus the membrane debonding length. The following observations are made:

The mechanical response of 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 non-linearity or sudden crack extension and arrest (called ‘pop-in’)

followed by non-linearity;

In most cases, product BB shows a higher reaction force development than the product

AA and CC;

All products within SM, GM1 and PM samples show a higher reaction force at lower
temperature except the one within GM2 samples;

Steel-membrane at -5°C
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FIGURE 8 Force versus debonded length of SM samples
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FIGURE 9 Force versus debonded length of GM1 samples
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FIGURE 10 Force versus debonded length of GM2 samples
Porous AC-membrane 2 at -5°C Porous AC-membrane2 at +10°C
3500 3000
3000 250
2500
2000
Z 2000 ——E8 z —th
§ 100 ——CC R ——tt
- ——AA * -
1000
1000
500 + 500

50 100 150 200
Debonding length a (mm)

60 80 100 120 140 160 180

Debending length a [mm)]

FIGURE 11 Force versus debonded length of PM2 samples
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311 FIGURE 12 Comparison of strain energy release rate among different samples
312
313 Figure 12 gives the comparison of critical strain energy release rate, G, among different

314 samples over the range of temperatures -5°C,+5°C and +10°C. The following observations and
315  conclusions are made

316 e The bonding strength of membrane products depends on both the characteristic properties of
317 the substrate material and the environmental temperature;

318 e In general, product BB with GM and PM samples gives higher G. at all test temperatures.
319 Product AA and CC with PA samples show G values decreasing with an increase in
320 temperature. Product CC with SM and GM2 samples shows increasing G values with
321 temperature; Products AA, BB and CC with GM1 samples show a higher G at +5°C;

322 e By comparing Figure 12 with Figure 8 through Figure 11, it can be observed that higher
323 maximum piston reaction force does not necessarily result in higher G. values. This
324 inconsistence may occur due to the fact that maximum piston reaction force represents both
325 membrane material response and membrane bonding characteristics. However G; is a
326 physical material quantity controlling the behavior of only the membrane bonding strength;
327
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CONCLUSIONS AND RECOMMENDATIONS

Based on the results presented in this paper, the following conclusions and recommendations can be
made.

1. The MAT setup is capable of characterizing the adhesive bonding strength of the various
membranes with the surrounding materials. MAT results will allow a better understanding of
performance of the membrane on the bridge structure thus allowing optimization of
maintenance activities;

2. Critical strain energy release rate G. 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 both on the material characteristics
of 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 the material non-linearity on membrane adhesive strength and
fatigue life shall be studied further.
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