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Abstract The following recommendations are based
on the chapter III of a State of the Art review
conducted by the Task Group 2 of the RILEM
Technical Committee 241-MCD ‘‘Mechanisms of
cracking and debonding in asphalt and composite
pavements’’ (Petit et al in Mechanisms of cracking
and debonding in asphalt and composite pavements.
Chapter III of the State-of-the-Art report of the
RILEM technical committee 241-MCD series, vol
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319-76848-9 2018). The recommendations mostly
concern “pure” fracture mode test methods that are
currently used worldwide and even standardized,
while mixed mode test methods developed by few
research teams have not received full attention. This
paper intends to give guidance for the application and
characterization of interlayer bond testing, looking at
the appropriate test methods and the importance of
influencing parameters.
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LPDS Layer-parallel direct shear
NDT Non destructive test
OFTT Oregon field torque tester
SBT Shear bond test

TBT Tensile bond test

TNBT Tensile notch bond test
UTW Ultra-thin white-topping
1 Scope

Performance and durability of multi-layered pave-
ments strongly depend on the bond between the
individual layers and due to stress concentration, a
solid bond between surface layers is extremely crucial.
Further, there are a number of pavement types with
layers constructed of different materials for which the
quality of the interlayer bond has been determined
essential for avoiding premature distresses such as
corrugation, peeling, slippage or fatigue cracking.
This recommendation paper lists the most interesting
bond testing methods with their main related advises.
According to some of these procedures that are mostly
standard methods, practical recommendations in term
of temperature condition, specimens’ size, number of
specimen, etc. are given. In a last part recommenda-
tions for further developments and research are listed.

2 Main factors influencing interlayer strength

A first step for more durable pavements is to improve
the mechanical performance of interfaces between
surface layer and base layer, which are highly
submitted to various normal and shear stresses
(Fig. 1).

During recent decades, in order to try to give
answers of how to determine and improve bonding or
modified performance, many interlayer bond tests
have been developed in various loading conditions
[2-11]. However, interface behaviour between layers
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is not yet well understood. To investigate the mech-
anisms of debonding that often occur in pavement
structures, different parameters have to be considered
[1, 12-17].

Obviously, the mechanical behavior of the pave-
ment materials such as the effect of the viscoelasticity
linked to temperature, traffic speed and load (which
has not to be considered in a simple way in terms of
frequency-dependence conditions for laboratory tests)
may have an influence on the interlayer bonding.

Further, environmental effects such as temperature
and moisture content of the materials need to be taken
into account. In this context, water may play a huge
role for interface bonding performance and pavement
life, especially when layers show cracks and deficien-
cies. This fact has been demonstrated for concrete
pavements (Fig. 2a) [18, 19] but it is also true for
asphalt pavements (Fig. 2b) [20].

Physical interface conditions such as cleanliness
and roughness conditions are another important aspect
and may lead to very various interlocking situations.

When a tack coat is applied, its intrinsic character-
istics (viscosity, breaking index, binder content and
the characteristics of the residual binder) play an
important role for the adhesion between layers and
their type and conditions of application such as
application rate, curing time or protection technique
are equally crucial [9, 14].

The size of the specimens for laboratory testing has
to be taken into account in the interpretation of the
results and as stated by many researchers a large
number of specimens is needed before final conclu-
sions can be made (see for example [21]).

A challenge for design tools regarding the new
developments is to include thin surface layer damage
and/or structural discontinuities. ...

Although, the influence of certain parameters is still
under debate and different opinions of researchers and
national requirements exist, during recent years a
common knowledge base on interlayer bonding has
been established [6]. For laboratory testing there are
already some existing technics, that enable the user to
get more accurate results and to deepen the knowledge
of debonding mechanisms such as the used of Digital
Image Correlation (DIC) technics. The task group 2
(TG2) of the RILEM TC241-MCD has proposed to
class the existing interlayer adhesion tests into four
categories:
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Fig. 1 Pavement interface (a)
fracture debonding modes
a far from a vertical crack
[31]; b at the edge of a

vertical crack [56]

Mode I: Opening mode

Mode II: In plane shear mode

Mode III: Out of plane shear mode

Mixed Mode: Combination of modes I and IT

The following paragraphs give the recommenda-
tions that can be drawn for each of the proposed
interface bond characterization tests that have been
collected in the Chapter I1I of the State of the Art of the
RILEM TC241-MCD [1].

3 Mode I: Opening mode

Interface Mode I opening mode is a debonding or an
interface damage phenomenon created by means of a
tension loading. Two main types of Mode I tension
loading devices have been developed: Tensile Bond
Tests (TBT), without notch and Tensile Notch Bond
Tests (TNBT) with initial notch.

3.1 The tensile bond test (TBT) [15, 22-24]
These tests use specimens without notch and can be

applied to assess the capability of tack coats as well as
the internal cohesion of the two involved pavement
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layers. The TBT can be carried out both in situ and in
laboratory. These devices mainly differ in the speci-
men’s geometry (cubical-size between 80 x 80 mm
and 100 x 100 mm—or cylindrical-— maximum
diameter 150 mm), tensile rate (in mm/min or N/s)
and the way the test specimens are held (gluing,
gripping or clamping). The standard test is usually
stress-controlled by applying a tensile force (maxi-
mum 200 N/s) until failure. In these standard methods,
the estimation of tensile bond strength in obtained by
help of three specimens for thin wearing courses
(thickness > 30 mm) while six specimens are needed
for ultra-thin wearing courses (thickness < 20 mm).
For cubical specimens, the tensile load is applied in a
low displacement-controlled mode until the specimen
fails.

e C(Care needs to be taken regarding the adhesive
(glue) used to hold the specimen in the tensile
device; it should be suitable to avoid failure in the
adhesive itself. Here, two-component epoxy glues
are recommended.

e Due to the geometry of the tested specimens
(cylindrical or cubical), the difficulty of the test is
to get uniform tensile stress distribution close to
the interface. Shear stresses that exist at the edge of
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the specimens may affect the results of this “pure”
mode I test. The use of specimens with large
dimensions as average minimum of six times the
maximum size of aggregate is highly
recommended.

e The visual assessment of the specimen after the
failure is important. The existing modes of failure
can be divided into three categories: cohesive,
adhesive or mixed.

e For this kind of test failure does not necessarily
occur at the interface because debonding happens
at the weakest point which can be within the
pavement layers, which is one of the main
disadvantages of the testing method. So, the most
important limitation of the tensile bond tests is
that, if the interlayer bond resistance is higher than
the in-layer tensile resistance of the two involved
specimen’s layers, the test result is lower than the
actual interlayer bond strength.

e For tests on specimens prepared in the laboratory,
the cubical geometry turns out to be more advan-
tageous for DIC analysis than the cylindrical
geometry. However, for tests on samples taken
on site, a cubical geometry will cause more
damage and subsequently extensive repairs.

e In test method allows situ testing, that means the
determination of bond strength directly on site.
Before applying the gripper system on the pave-
ment surface and applying a tensile force, a ring-
groove is generally made beneath the top layer.
This has the advantage that if the bond strength is
sufficient (no failure up to a maximum force), the
test can be done with limited damage to the
pavement layers (only the circular groove formed
by the coring remains). Although, in case of
failure, the different holes obtained may result in
more repairing costs and efforts in comparison
with the reparation of a “conventional coring”
performed on a greater thickness.

e In comparison with temperature-controlled labo-
ratory conditions, the ambient temperature on site
will notably influence the test leading to less
precise results. However, for some devices such as
LAMI, a correction factor that takes into account
the test temperature can be applied in case of on
site testing.

PIEM

3.2 The tensile notch bond test (TNBT) [25-30]

This tests use specimens with an initial notch at the
interface between layers with the aim to localize and
evaluate its fracture properties. The principle of the
TNBT consists on opening a crack in double-layered
specimen until a complete separation of the two layers
takes place. The devices mainly differ in the speci-
men’s geometry (cut straight faces from cores or cubic
specimens to facilitate the use of DIC technics), the
size and width of the notch, the magnitude and the
modal distribution of loads (by means of glued plates,
holes, wedge,...) on the two involved specimens’
layers.

With TNBT devices, the debonding propagation is
obtained in a stable way. In static conditions, tests are
usually done under displacement-controlled condition
(generally less than 2 mm/min). Tests under water
bath are also possible. The obtained results are mostly
a load—crack opening displacement curve from
which different fracture information can be deter-
mined: the maximum tensile stress before the debond-
ing; the fracture energy value; the slope of the
decreasing curve that gives the fracture propagation
behavior (brittle or ductile) of the interface. Depend-
ing on the devices, these tests can be used for fatigue
testing of bi-layered specimens.

e For this test specimens’ preparation is more
difficult and cumbersome than for other tests such
as TBT or SBT. Therefore, it is absolutely
necessary to pay attention to both the specimen
and the notch preparation.

e A large number of specimens must be tested per
type of thermal and loading conditions (no less
than 10 tests) have to be conducted before
concluding on results in terms of fracture energy.

e Compared to tests on cores, the TNBT test offers
the possibility to separate large interface planes
which may be very convenient for testing the bond
between grids (with large meshes) and asphalt. In
order to precise the debonding results, it is
recommended to evaluate the dead weight contri-
bution of specimens with large dimensions.
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4 Mode II: In plane shear mode

Interface Mode 1II in plane shear mode is a debonding
or an interface damage phenomenon created by means
of a shear loading. The shear tests are inspired by shear
testing in soil mechanics. It is a well-known fact that
the shear test suffers from insufficiencies, since the
specimen is subjected not only to shear, but a bending
moment is introduced due to an eccentric load
induction. Many different types of shear test equip-
ment have been developed in different countries and
they can be classified into two categories: pure direct
shear tests (without normal stress) and direct shear
tests (with normal stress).

In order to introduce the effect of traffic loading
some shear testing devices allow the application of a
normal load. Equipment with (AST, ASTRA, LISST)
or without (Leutner, LPDS, LCB) normal stress are
used.

4.1 The shear bond test (SBT) without normal
stress [6-8, 22, 31-38]

In general, the SBT is a guillotine type test where the
shear force is induced directly at one side and not
induced at the front surface of the specimen. The test is
mostly done on cylindrical specimens extracted from
the pavement or prepared in laboratory (LPDS,
LCB.,...). Mainly two diameters are usually used 100
and 150 mm. Otherwise the Double Shear Test (DST)
is done on parallel epipedic samples. As for the
influence of the diameter, it is found that the maximum
shear stress values for all temperatures tested with
cores of 150 mm diameter are lower than the results of
the test carried out with 100 mm asphalt cores. The
direct shear testing devices can be divided into devices
which use a clamping or fitting system to hold the test
specimen [37, 39, 40] and devices which use a bending
mechanism (three or four point shear tests) to apply the
shearing [35]. The gap width between the shearing
rings is an important variable, which cannot be
neglected. For the test conducted by displacement
controlled at a rate of (50 £ 2) mm/min, the European
prenorm [22] recommends a gap width between the
shearing rings < 5 mm). The obtained result is a shear
force versus shear displacement graph that allows the
calculation of the maximum shear stress, the shear
stiffness modulus and the determination of the shear
energy. The latest is determined from the area below

the shear force—deflection graph as measured between
the displacement at maximum shear stress and the
intersection of the linear shear force slope with the
displacement-axis in (in Nm). The DST allows the
investigation of interface behavior in shear monotonic,
cyclic and fatigue loading, under controlled temper-
ature and frequency conditions. Fatigue law parame-
ters can be identified [5, 6, 36].

4.2 The shear bond test (SBT) with normal stress
[38, 41, 42]

Many researchers argue that the normal stress, repre-
senting the wheel load on the road, has to be included
in interlayer bond testing. Regarding its influence (e.g.
the magnitude of normal stress) different opinions and
findings are being discussed [32, 40]. The application
and influence of normal stress is one of the issues,
which have been under debate for quite some time.
Many of the current designs for shear strength testing
equipment produce highly variable results or require
complex bi-axial load frames. The so-called LISST
uses cylindrical specimens of either 100 or 150 mm
diameter with a constant rate of 2.54 mm/min, a
normal load and possible normal forces. The gap
between the shearing and the reaction frame measures
12.7 mm. In the current AST version, specimens of
150 mm diameter are tested. The gap size can vary
incrementally between 5 and 12 mm, which may
influence the results [7]. The system allows for various
combinations of the static and cyclic loading condi-
tions in the load- or displacement-control mode to be
applied to specimens across various temperature
conditions.

e Standard tests (SBT) such as Leutner enable the
user to determine shear bond performance at a
predefined plane and they are very easy to conduct.
SBT is a valid method for quality control, but only
investigates interlayer bond properties at failure.
Further, the testing method does often not consider
the application of a normal stress as represented by
tire forces on the road. When looking at the
interlayer bond properties during the service life of
a pavement cyclic testing is recommended. Here,
the link between bonding properties and changing
temperature effects, rest periods or healing phe-
nomena can be evaluated. Cyclic shear bond
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results can further be used for interlayer bond
performance prediction and modeling purposes.

e Regarding specimens size, greater core diameters
of 150 mm or preferable to 100 mm especially for
larger maximum aggregate sizes.

e Gap width is very important: A big gap width will
lead to an increased eccentricity resulting in a
combined bending-shear stress situation and
greater scattering of results. While on the other
hand the gap width has to be big enough to account
for layers with bigger maximum aggregate sizes
and layers with evenness irregularities. Although,
European standards allow a gap width between 0
and 5 mm, research (Raab et al. 2010) revealed
that a gap width between the shearing rings of ca.
3 mm seems to be optimal regarding the above
mentioned criteria.

e Tests conducted in different laboratories have also
shown that, for especially for certain constructions
such as ultra-thin top layer, a minimum of 6
specimens should be taken for the determination of
the average shear bond strength [6, 34, 43].

5 Mode III: Out of plane shear mode

Torque testing is another way to determine the bond
between pavement layers and it can be carried out both
in situ and in laboratory [38, 39, 44, 45]. Torque
testing allows the determination of the torque bond
strength between a top layer and the bottom layer.
Depending on the working method, the torque is
applied until failure occurs or a maximum torque is
exceeded. Torque test devices are quite similar
compared to one another. In principle, they consist
of a gripper system that is glued or fixed to the test
specimen and a torque cell applying the torque
moment. Torque devices mainly differ in the way
the test specimens are held (gluing, gripping or
clamping) and in the construction of the test frame
(manual or automatic torque devices). The test spec-
imens for laboratory testing are generally cores with
diameters of 100, 150 or 200 mm (depending on the
top layer thickness or the torque test device).

e Torque testing provides a non-uniform shear stress
distribution, varying between zero in the center of
the interface cross section to a maximum value at
its outside.

Unlike the direct shear testing, the torque testing
induces shear stresses at the interface as well as in
the surface course of the specimen. The torsion test
is therefore less precise than the shear test and also
more difficult to interpret in terms of type of
failure, since it induces both a torque at the
interface and in the upper layer itself, unlike the
shear test which concentrates the shear loading
exclusively on the interface [43].

Since specimens have to be fixed in the torque
devices (gluing, gripping or clamping) special care
should be taken regarding the fixing
mechanism:

Adhesives (glue) should be suitable to avoid
adhesive failure (partly or completely in the
adhesive). Here, again two component epoxy
glues are recommended.

Gripper systems should hold the specimen
strongly and correctly to avoid slippage or defor-
mation of the specimen.

In comparison with the direct shear testing, the
torque bond test would be less suitable for labo-
ratory based routine testing of interlayer bond
properties because it typically requires fixing the
specimen (gluing, gripping or clamping).

Despite the cumbersome handling, torque testing
offers a good possibility for in situ testing and
testing of thin surfacing.

Although in comparison with well-controlled
laboratory conditions, the temperature dependence
of the torque bond strength on site will notably
influence the test result and has to be taken into
consideration regarding precision of the test.

The torque testing has the disadvantage that it is
generally performed manually. This requires a
certain degree of experience and strength. In fact,
it is difficult to keep the application of torque
parallel to the interface resulting in axial bending
on the specimen and it is sometimes physically
difficult to exceed high torque bond strength.

The weak precision of the manual torque test
devices might be a result of the variability and bias
introduced by the manual load application. The
difficulty of maintaining a constant torque rate
manually is one of the reasons why several
researchers decided to develop automatic torque
devices. The OFTT is one of these automatic
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in situ torque devices; it is used in the United States
of America to evaluate the long-term post-con-
struction tack coat performance of pavement
sections.

e As opposed to the similarity in torque device
construction, the torque test protocols generally
offer a great variability, which does not simplify
the comparison between different tests. This is a
fact, which made it impossible to conduct inter-
laboratory testing in the same manner as for shear
or pull-off testing [6].

e As for the tensile bond test, failure occurs not
necessarily at the interface because the debonding
happens at the weakest point, which might be
within the pavement layers. This means, that if the
interlayer bond resistance is higher than the in-
layer tensile resistance of the involved interface,
the test result does not represent the actual
interlayer bond strength.

6 Mixed mode: Combination of modes I and 11

Some results from the field lead to the conclusion that
the interface fracture mode type may not be pure
especially near existing vertical cracks through a layer
thickness (Fig. 1). Three different fracture tests have
been proposed by the TG2 researchers of the TC
241-MCD to investigate different questions of inter-
face bonding (behavior) in mixed mode fracture
conditions on several type of bi-material layers [1].
First in order to study the durability of thin bonded
cement based repairs, a three point bending (static and
cyclic) test is used and modelled [46, 47]. This test
allows the modelling analysis of the influence of major
parameters (such as shrinkage, moisture diffusion,
fibre reinforcement, and overlay with low rigidity) on
the durability of concrete-concrete bi-layer compos-
ites [48]. Secondly, to investigate the characterization
of the crack initiation and propagation at the interface
between layers of composite pavements such as UTW,
a four-point bending test has been adapted to pave-
ment materials [49, 50]. Under displacement con-
trolled conditions, the study of water effect on the
bond characterisation, as observed in real roads [51] is
possible with help of DIC analysis and a water bath in
which the specimens are tested [13]. Finally, a third
test, called a composite specimen interface cracking

test (CSIC), has been designed in order to study the
optimization of tack coat and application rates [52]. A
hole in the center of the two layers specimen bonded
by a tack coat serves both as a stress concentrator to
initiate cracking (top-down or reflective) and as a
platform for load application. The developed system
involves repeated tensile loading and monitoring of
number of cycles to failure.

For the evaluation of the performance of the mixed
mode tests proposed compared to standard ones, two
main following recommendations are given here. It
aims to also serve the understanding of debonding
mechanisms in pavements.

e The possibility to separate both fracture modes of
samples submitted to mixed mode loading is the
main objective. At the end, an analysis is expected
on the comparison on the results of these mixed-
mode tests with the tests conducted in “pure”
opening or “pure” shear mode.

e Combined to advanced modelling, advance mea-
surements technics such as the use of DIC technics
are a need for separating these different fracture
modes.

7 Conclusions

Interlayer bond testing allows for a great variety of
devices and methods. The choice of one or the other
does certainly depend on the existing failure mecha-
nism, the purpose of testing (quality control, determi-
nation of material property or influencing factor such
as moisture, type of tack coat etc.), the situation of
testing (in situ or in laboratory), the kind of material
tested (thin surfacing, composite material) and many
more. In this recommendation paper, practical recom-
mendations for the main standard methods are listed as
follows:

¢ Since shear mode appears to be the most common
cause of interlayer bond failure, shear testing (in
plane shear mode)—also because of its fairly
simple handling and the fact that the shear plane is
predefined- is recommended for quality control.

e It has been shown that for interlayer bond testing
the amount of specimens should not be too small;
for determining mean values in quality control 4
specimens seem reasonable while for research and
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interlaboratory testing a minimum of 6 specimens
is required.

e Further, the diameter of test specimens should be
preferably 150 mm compared to 100 mm, it has to
be at least 6 times the nominal maximum aggre-
gate size.

e When looking at the gap width of the shearing
rings a size between 2 mm and 3 mm was found
suitable.

e It is generally known, that interlayer bonding is
highly dependent of temperature, test speed and
load (static, cyclic, application of normal load)
dependent especially when testing asphaltic mate-
rials. Therefore, it is absolutely necessary to take
these factors into consideration when discussing
test results and outcomes. Although, high temper-
atures are more critical for the debonding of layers,
standard test should be performed at a medium
temperature of 20 °C.

e In situ testing is done preferably using torque or
pull-off testing. Here, temperature dependency has
to taken into account. These two types of test also
offer a great potential for interlayer bond testing of
thin surfacing.

e Due to the gluing

For the evaluation of material properties and
interlayer bond characteristics cyclic testing which
does not only evaluate interlayer bond at failure is
recommended.

Regarding the further development of interlayer
bond testing, it is crucial to improve the phenomeno-
logical understanding of the mechanisms and influ-
encing parameters in interlayer bond testing [12].

According to the State of Art Review conducted by
the TG2 of the Rilem TC241 MCD [1], various
deficiencies for studying different parameters have
been highlighted. Therefore, future developments and
research needs are recommended below.

1. Moisture/water effect infiltration through cracks
and other pavement defects have a big influence
on the quality of interlayer bond. Moisture was
found to reduce the bond strength drastically
[13, 16, 37]. Its effect should be investigated in
more detail and moisture should be integrated in
the standard methods and considered in pavement
design tools.

2. Need to improve the phenomenological under-
standing of the mechanisms of interlayer bonding

PIEM

in terms of roughness and the geometrical surface
conditions of the interface. In this context the use
of model materials [17, 53], and finite element
modeling as well as roughness measurements at
the interface [15] could be very important and
useful. These parameters have to be introduced in
the standard methods and pavement design tools.
Size effect: The specimen size is of great impor-
tance for the outcome of interlayer bond testing.
As demonstrated by an interlaboratory test pro-
gram initiated by RILEM [6] the specimens with
smaller diameters were found to achieve higher
bond values compared to specimens with smaller
diameters. Further, the bigger nominal aggregate
size or mesh size (when testing pavements with
reinforcing interlayers), the bigger the test spec-
imen should be. In that case the dead weight
contribution of the specimen- might has to be
taken into account.

Temperature effects have to be studied in more
detail. On the one hand shear bond decreases with
the increasing temperature, on the other hand
increasing temperature may influence the bond
positively in terms of healing due to increasing
binder viscosity and the compaction effect of
traffic. It was further found that interlayer bond
defects or weaknesses seem to appear more
obvious when testing is performed at very low
temperature of — 20 °C [54].

Need to conduct cyclic and static round robin tests
to compare the outcome of different devices and
methods in more detail and to develop harmo-
nized testing procedures and requirements.

Need to compare laboratory results with in situ
experiences. Since severe differences between
laboratory results and field performance have
been identified it appears necessary to define
reasons (e.g. ideal laboratory specimens versus
real field and construction conditions; laboratory
testing versus in situ load application) and modify
laboratory testing where required. One way to do
S0 is to test specimens coming from the field and
compare the results with those from real scale
accelerated loading experiments [30].

Need to use energy approaches for modelling
interface damage with the aim of quantifying
damage evolution during testing. The introduction
of rest periods during cyclic will enable the user to
assess healing properties and potential.
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8. Need to test enough specimens according to the
selected type of test and the applied test conditions
(for static and cyclic).

9. Need to improve knowledge with advance mea-
surement systems such as:

e NDT (Non Destructive Technics) for field
experiment.

e Sensors for the determination of in situ inter-
face bond (shear) values.

DIC (Digital Image Correlation) technics for lab-
oratory tests. The local analysis close to the interface
area by means of DIC technics. In particular the DIC
technics allow the local analysis close to the interface
area by means of the measurement of displacements
directly above and below the interface. It may help to
access the interface mechanical behavior and some of
the above parameters [55] facilitating a more accurate
analysis of debonding mechanisms and interface
behavior.
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