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ABSTRACT
Interlayers in asphalt pavements are potential structural damage initiators.
In order to better understand the quantitative role of interlayer parameters,
such as surface roughness, binder type, binder content and loading type
on interlayer shear strength, this paper focuses on the effects of particle
interlock and contact conditions on interlayer strength throughexperimen-
tal and numerical modelling. Experimentally, interlayer shear box strength
tests on a model material consisting of stiff binder blended with steel balls
are performed with and without normal force confinement. A Discrete
Element method model of the test is developed using measurements of
the model material for calibrating the contact law and for validating the
model. It is shown that thismodel captures adequately themeasured force-
displacement response of the specimens. It is thus a feasible starting point
for numerically andexperimentally studying the role of binder and tack coat
regarding interlayer shear strength of real asphalt layers.
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1. Introduction

Asphalt pavements are orthotropic multilayered structures that are expected to carry repeated static
or dynamic vertical traffic loads under complex climatic and environmental conditions. Hence, roads
are subject to different kinds of horizontal shear stresses which may affect the interlayer bonding
and therefore the bearing capacity and durability of the whole pavement structure. Interlayer shear
stressesmaybe inducedbybending in case ofweak flexible subgrades due to design and construction
deficiencies. Particularly under heavy traffic, they may also result from horizontal tire-pavement inter-
actionduringbreaking and acceleration or by centrifugal forces in curves and roundabouts. Horizontal
interlayer stresses are not necessarily traffic-induced andmay occur in case of steep slopes and ramps
or settlements from later trenching or pavement patching. From a purely climatic and environmental
point of view, different relative thermal contraction and expansion behaviour of the pavement layers
may also lead to horizontal interlayer shear stresses.

Due to the fact that interlayer bondplays suchan important role, considerable researchon this topic
has been performed for many years worldwide. In fact, different test methods for characterising the
interlayer shear behaviour havebeendevelopedand standardised.Direct shear, indirect shear, torsion,
bending, double shear test and numerous other tests with and without normal force dilatation con-
finement have been proposed as listed in the papers by Raab et al. (2009) and Canestrari et al. (2013).
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Extensive work has been done internationally by the International Union of Laboratories and Experts
in Construction Materials, Systems and Structures RILEM (Canestrari et al., 2021) as well as nationally
e.g. (Ascher & Wellner, 2007; Diakhaté et al., 2006; Salinas et al., 2013; Zofka et al., 2015).

Most common is the interlayer quasistatic indirect shear test according to Leutner (1979) where a
horizontally laid core is vertically sheared with a semicircular yoke until failure at the interlayer occurs.
No normal force is applied, but a reasonable ranking between different pavements can be achieved
as already shown sometimes ago by Raab and Partl (1998). For practical reasons, ranking data can be
analysed on a larger scale by appropriate statistically basedmodelling as demonstrated by Raab et al.
(2013).

Since the Leutner type of test is a quasistatic shear strength test, it is only able to characterise inter-
layer shear with respect to failure simulating an unrealistic situation with large shear deformation
without normal forces that is not expected to occur during service in a pavement. Hence, attempts
have been made during the last decade to create tests that allow characterising and quantifying
interlayer shear properties under repeated traffic-like loading (Ascher &Wellner, 2007; Diakhaté et al.,
2006; Wellner & Wistuba, 2016; Zofka et al., 2015). However, due to the complexity and engineering
problems, no internationally accepted test protocol is available so far.

One key issue regarding interlayer shear properties is the effect and influence of the interface
roughness which is partly governed by the maximum aggregate sizes of the top and lower layer,
or by the texture from milling the old pavement surface for a new overlay. Due to practical prob-
lems in measuring this roughness, only little focus has been devoted up to now for determining and
studying this interlayer characteristic which is very relevant for both, design and construction. An
attempt has been made in a PhD thesis by Ferrotti (2007) applying computer tomography and fractal
analysis. Main results have been published by Santagata et al. (2008). The lack of computational and
experimental tools capable of capturing the effect of those geometrical parameters on the interlayer
shear behaviour is particularly disappointing since it precludes the optimisation of interlayers from
fundamental mechanical considerations.

In fact, the mechanism of interlayer shear in presence of bituminous binder is quite complex as
shown schematically in Figure 1. It is not only characterised by horizontal displacement but also by
vertical dilatationeffects that arehinderedby the tensionadhesive andcohesiveproperties of thebitu-
men. In a first stage onewould expectmainly short sliding in a horizontal plane (A) until themajority of
aggregates on the top andbottom interlayer surface interlock by squeezing the bitumen filmbetween
the interlocking particles on top and bottom (B). Thereafter particles in the upper layer slide upwards
along the bottom particles while being hold back by the bitumen film on the initial sliding plane (C).
This results in an increase of measured shear force and in reduced horizontal displacement up to the
point where the bitumen film on the initial sliding plane is no longer able to hold back the upwards
movement of the top particles (D). The consequence is that the upward particles gradually reach the
top of the bottom particles with reduced effort, in this way producing maximum dilatancy and now
sliding with minimal force (E) until falling into the next valley of the roughness texture (F) before the
next dilatancy cycle starts.

It is clear that the schematic example in Figure 1 is a strong oversimplification of the interlayer shear
bond mechanism, since it ignores normal force and real surface texture of both the top and bottom
layer. However, it may start as a starting point for refining the understanding and modelling of the
micromechanical shear bonding effects between asphalt layers.

In order to study the effect of interface roughness under horizontal shear, an experimental mod-
elling effort with a shear box has been undertaken by Raab et al. (2012) with unbound and bound
model layers, each made of single-sized steel balls as aggregate surrogate but different steel ball size.
It clearly showed the influence of different ratios between the maximum aggregate sizes on the top
and bottom layer. Another attempt for improving the understanding the effect of interface roughness
was performedwith discrete elementmodellingDEMbyGhafoori Roozbahany and Partl (2019), show-
ing that compacting a coarse grade asphalt mixture on a rough bottom surface may have a positive



S178 D. JELAGIN ET AL.

Figure 1. Schematic evolution of quasi-static shear force-displacement characteristic of an interlayer with equal top and bottom
layer roughness showing the bonding and sliding effect in case of a thin bitumen film on top of the bottom layer and no action of
normal force.

effect in blocking horizontal displacements and in this way improve functionality of joints in asphalt
pavements.

Both papers were the motivation for this paper which intends to link the experimental modelling
approach with refined DEM-driven numerical modelling. Hence, taking into account the results on
the model layers by Raab et al. (2012), the aim of this work is to propose a computational tool based
on DEM for evaluating the effect of interlock and contact conditions on the interlayer strength and
for investigating the influence of interlayer surface geometries, binder and normal forces on the inter-
face characteristics. This is consideredparticularly relevant for designingnoise-reducing surface layers,
which tend to be more and more composed of gradations with small nominal maximum aggregate
sizes. It is also important with respect to surfacemilling for rehabilitation and the question of required
tack coat film thickness.

2. Methodology

Experimentalmodelling results from shear box tests, as described by Raab et al. (2012)were compared
with numerical modelling for validating the refined DEM computational approach by Olsson et al.
(2019) in case of interlayer shear to improve the understanding of the mechanical processes during
testingby studying a selected set of influenceparameters. Thiswas triggeredby the fact that computa-
tionalmodelling ismore versatile and less laborious than experiments, thus allowing the studyofmore
specific cases, especially in respect to interlayer surface geometries, normal forces, size effects and
influence of binder properties. Table 1 provides an overview on the experimental modelling param-
eters for which shear box test results were available. In what follows different ball size combinations
tested and simulated are denoted by the ratios with the top layer ball sizes in mm divided by the
bottom layer ball sizes, i.e. (5.5/9.5) denotes the material having 5.5mm balls on top of 9.5mm.

Themeasurements from the tests summarised in Table 1were used to calibrate thematerial param-
eters in the DEM model as well as to validate the developed model. Namely, the measurements
obtained for (9.5/9.5) material with and without binder were used for material parameter calibration.
The calibrated model has been used then to simulate the shear box tests on (5.5/5.5) and (5.5/9.5)
materials for both bound and unbound cases, and the model’s capability to capture the experimental
observations has been examined.
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Table 1. Material and loading parameters for experimental modelling with shear box testing and DEM calibration and validation.

Type of test
Steel ball sizes

top/bottom layer [mm]
Normal confining

stress [kPa]
No. of tests bound

materials
No. of tests

unbound materials

(5.5/5.5) 100 6 2
400 6 3

Shear box (9.5/9.5) 100 6 3
400 6 3

(5.5/9.5) 100 6 2
400 6 2

Table 2. Modelling parameters for the DEM parametric study on the effect of particle size ratios on shear strength of bound
materials. For each configuration, three individual simulations were performed.

Ball sizes top layer, [mm] 2.5 3.75 5 5.5 7.5 5.5 9.5 10 13
Ball sizes bottom layer, [mm] 10 10 10 9.5 10 5.5 9.5 10 10
Top/bottom size ratio 0.25 0.375 0.5 0.58 0.75 1 1 1 1.3
Normal stress, σn , [kPa] 100, 400

Table 3. Modelling parameters for the DEM parametric study on the effect of normal stress on the shear
strength of bound materials. For each configuration, three individual simulations were made.

Normal stress, σn [kPa] 0 100 400 800
Ball sizes top/bottom layer [mm] (5.5/5.5), (5.5/9.5), (9.5/9.5)

The developedDEMmodel has furthermore been used to perform a brief parametric study in order
to examine theeffect of top tobottomsize ratios andof normal pressuremagnitudeon interlayer shear
strength for the specimens with boundmaterials. The ball size combinations and normal pressure lev-
els examined in this study are summarised in Tables 2 and 3. As visible in Table 1 anddiscussed in some
detail in section 2.1 below, several test repetitions were performed for eachmaterial and loading case.
The experimental results were then averaged with the procedure detailed in section 2.1. Numerically,
for each of the materials/load cases evaluated, three DEM runs were performed with new randomly
generated particle arrangements; the results were averaged following the procedure identical to the
one used in the experiments.

2.1. Experimental modelling

The model material used consisted of bituminous layers made of single-sized steel balls and a hard
10/20 penetration graded bitumen in order to ensure sufficient stability for testing at 20°C. Two dif-
ferent sizes of steel balls with diameters of Ø 5.5 and Ø 9.5mm were chosen and considered as
representative of themineral aggregates in a pavement. In fact, the steel ball diameters with a ratio of
1:2 were selected since, in practice, this combination proofed to be the most relevant nominal maxi-
mal aggregate size ratio between surface and binder courses. In this way, double-layered cylindrical
specimens with a diameter Ø of 100mm, a height of 35mm, a bitumen content of approx. 37.5 vol-%
and an air void content of 0% were produced by filling steel balls and 160°C hot bitumen into pre-
heated moulds. After finishing the first layer and cooling down to ambient temperature, the mould
was flipped over and placed on a wet sand bed with the original upper side facing down as to obtain
a clear flat interface, before applying the second layer onto the first one.

The double-layered specimenswere fabricatedwith different combinations of steel ball layers such
as 5.5/5.5, 5.5/9.5 and9.5/9.5 as shown in Table 2. In addition, double-layeredunbound specimenwith-
out binderwas also tested. Figure 2 depicts a specimenwith the ratio of 5.5mm for the top and 9.5mm
for the bottom after separation.

Testing was performed with the shear box test device from the Swiss Federal Institute of Tech-
nology ETH in Zurich which comprises two half boxes with cylindrical metal rings of Ø 100mm for
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Figure 2. Bound specimen with the ratio of 5.5mm for the top and 9.5mm for the bottom after testing and separation.

holding the specimen as shown in Figure 3. The lower half box is held tight while the upper one is
fixed on a sliding table, which is moved horizontally at constant rate of 2.5mm/min. The vertical load
normal to the shear plane is applied hydraulically as shown in Figure 3. Horizontal and vertical dis-
placements are measured using displacement sensors. Testing was done at 20°C and all specimens
had been conditioned for 8 h prior to testing.

The maximum shear forces were derived from the shear force-deformation curves. For obtaining
mean curves, the single curves were normalised relative to maximum shear force and corresponding
shear deformation and averaged before being back calculated to real units.

2.2. Numerical modelling

In asphalt pavement structures, the shear and compressive loads at the interlayer are transferred
mainly by contact forces between the aggregates while tensile loads are transferred through the
binder film between the aggregates as schematically shown in Figure 1. These local interaction forces
between the aggregates are dependent on the aggregate size distribution, the aggregate contact
stiffnesses and the mechanical properties of the binder. The modelling framework should explicitly
account for these effects to obtain the best computational insights and to be able to reliably investi-
gate theeffect of theparameters. TheDiscrete ElementMethod (DEM), originally developedbyCundall
and Strack (1979) is the natural choice for such a framework as each single aggregate, denoted as a
particle, is modelled as a separate object and their motion is governed by the local contact forces.

TheDEMsoftwareusedpresently is an in-house codenamedDEMsimdeveloped for studyinga vari-
ety of applications, including roadmaterials. The framework has been presented in Olsson et al. (2019,
2020), is implemented inC++and ispublicly available at github (www.github.com/erolsson/DEMsim).
The framework uses the standard formulation in DEM for integrating the translational and rotational
equations of motion.

One of the most important concepts in DEM is the calculation of contact forces between two par-
ticles as this is one of the key issues that governs the physics of the problem. In the present case, the
contact forces are divided into two contributions, one from contact between the aggregates and one
additional contribution from the binder. A sketch of the contact interaction is shown in Figure 4where
quantities for calculating the contact forces are defined.

http://www.github.com/erolsson/DEMsim
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Figure 3. Shear box device.

It is convenient to calculate the increment in the forces in terms of the increment in overlap �h
as well as the increment in the tangential displacement vector �δT t̂ that is directly perpendicular to
the contact normal n̂. For the normal contact force FN, the contribution from direct contact between
the aggregates, FNa, can straightforwardly be modelled using contact mechanics since spherical steel
balls are used as a model material. Before any notable plastic contact deformations occur, the contact
behaviour is assumed to be fully elastic, and the increment in force is given by Hertz contact theory
(Hertz, 1881) by

�FNa = 2E0
√
R0h�h (1)

where E0 and R0 are the effective Young’s modulus and effective particle radius for the contact. They
are defined as

1
E0

= (1 − ν21 )

E1
+ (1 − ν22 )

E2
(2)

and
1
R0

= 1
R1

+ 1
R2

(3)
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Figure 4. Sketch of the two particles contact interaction in presence of the binder; the binder is coloured in grey. To the left is
when the particles just touch each other when geometrical parameters of the binder can be defined. To the right is a deformed
configuration with the normal n̂ and tangential t̂ directions defined as well as the overlap h.

with Ei and νi being Young’s modulus and Poisson’s ratio of the spherical particle i and Ri is its radius.
Equations (1)–(3) are also valid in the case of contact between one particle and a rigid wall by setting
Ei and Ri to infinity for the rigid and flat object.

At larger contact deformations, the effect of plasticity on the contact behaviourbecomes significant
and in this regime the increment in contact force is linear according to the analysis by Storåkers et al.
(1997) if ideal plasticity is assumed

�FNa = 6πc2R0σY�h (4)

where the parameter c2 takes on the value c2 = 1.43 and σY is the yield stress of the material,
presently assumed to be 500MPa. The indentation depth hY where the behaviour is changed from
elastic (Equation [1]) to plastic (Equation [4]), is determined so that a continuous derivative in the
force-overlap relationship is obtained as shown schematically in Figure 4. Using E = 200GPa, ν = 0.3
and σY = 500 MPa, this value becomes 0.0037R0 for particle–particle contacts and 0.00094R0 for
particle-surface contacts.

Themain reason for introducingplasticity in thepresent case is to limit the contact stiffness, andnot
model elastic-plastic effects in detail as they are expected to be small. The contact stiffness has to be
limited as the time step to have a stable solution in DEM is proportional to

√
m/k wherem is the mass

of the particle and k the contact stiffness. At unloading-reloading after the contact has deformed plas-
tically, the behaviour is elastic, and Equation (1) is applicable. A sketch of the normal force behaviour
for aggregate-aggregate contact is sketched in Figure 5.

Tangential forces are as important as the normal forces for capturing themechanical behaviour and
especially for this problem, where shearing is themain deformationmode. In order to account for this
fact, a standard stick-slip model is used as outlined below. At the beginning of the time increment,
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Figure 5. Sketch of the force-overlap relation with elastic loading, followed by plastic loading and elastic unloading when the
contact has been plastically deformed.

the tangential displacement vector from the previous time increment is projected on the tangential
direction ensuring that the tangential force always is perpendicular to the normal direction followed
by adding the current increment in tangential displacement�δT t̂. A trial tangential force is calculated

FTa = kTaδT t̂ (5)

where kTa is the tangential contact stiffness. This stiffness is in theory dependent on the normal force,
(Mindlin, 1949; Olsson & Larsson, 2014), but as such a model is cumbersome in DEM simulations,
(Thornton et al., 2011; Zhang&Vu-Quoc, 2007), a constant stiffness is usedwhere it is assumed that the
radius of the contact area,a is 1/1000of the effectiveparticle radiusR0. This approximativemodel is jus-
tified in this application by the fact that large shear deformation occurs and then the sliding behaviour
is of most importance. The contact stiffness is then given by Equation (6) which is approximately valid
for both elastic contacts (Mindlin, 1949) and for plastic contacts (Olsson & Larsson, 2014).

kTa = E

2(1 + ν)

8a
2 − ν

(6)

where a denotes the contact radius; as discussed above a = 0.001R0. If the norm of this force exceeds
the Coulomb limitμFNa withμ being the friction coefficient, the contact is assumed to be in a slipping
state and the tangential displacement δT is set according to

δT = μFNa
kTa

(7)

before using Equation (5) a second time to calculate the final tangential force. The coefficient of fric-
tion, μ, is viewed as a constant fitting parameter and will be calibrated using the experiments on
unbound materials.

The bituminous binder will add extra stiffness to the contact and additional normal FNb and tan-
gential FTb binder forces are added to the contact force. A problem with similar geometry but for a
completely different application, lithium-ion batteries, were analysed by Gudmundson and Larsson
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Table 4. Summary of parameters defining the contact behaviour.

Material Parameter Value Comment

Steel Youngs modulus E 200 GPa Assumed, based on standard values for steel
Poisson’s ratio ν 0.3 Assumed, based on standard values for steel
Yield stress σY 500MPa Assumed, based on standard values for steel
Friction coefficientμ 0.8 Calibrated using unbound data for (9.5/9.5) balls

Binder Stiffness K 5MPa Calibrated using bound data for (9.5/9.5) balls
Failure stress σF 15MPa Calibrated using bound data for (9.5/9.5) balls

(2021). Based on their work, the normal kNb and tangential kTb binder stiffness can be calculated using
the geometrical quantities in Figure 4.

kNb = K
(1 − νb)

(1 + νb)(1 − 2νb)

π r2b
(H1 + H2)

(8)

kTb = K
1

(1 + νb)

π r2b
(H1 + H2)

(9)

where νb is the Poisson’s ratio of the binder which is assumed to be 0.3 and K is a stiffness calibration
parameter with the dimension of stress. The binder radius rb is assumed to be 20% of the effective
radius R0. The analysis is not dependent on this value as the stiffness K will then change accordingly
to obtain the same stiffnesses.

When the maximum principal stress, σ1, in the binder, has reached the tensile fracture stress of the
binder, σF , the binder has fractured and all forces in the binder are set to zero. Themaximum principal
stress is calculated using Mohr’s circle by

σ1 = 1

π r2b

⎡
⎣−FNb

2
+

√(
FNb
2

)2

+ FTb2

⎤
⎦ (10)

where it is assumed that a positive binder normal force FNb is compressive and FTb denotes the
magnitude of the tangential binder force.

At first glance, the contact model presented in Equations (1)–(10) might seem complex, but it con-
tains only three calibration parameters, the friction coefficientμ, the binder stiffness K and the binder
fracture stress σF . These three parameters will be calibrated in the next section using the experiments
with steel balls of 9.5mm size in both layers. A summary of all model parameters, their values and how
they are determined is given in Table 4.

The DEM simulations follow the experimental procedure as closely as possible. The bottom layer is
filled with steel balls to half of the height of the cylinder, and the first layer is bonded together using
the binder model described above. In a second step, the cylinder is flipped upside-down, and a sec-
ond layer of steel balls is filled above the flat interface. Finally, binder is applied to this layer and the
virtual shear testing starts where a confining stress σn is applied to the top and bottom of the speci-
men simultaneously as the cylinders are moved perpendicular to each other while the reaction shear
force is registered. A visualisation of this procedure is shown in Figure 6. For each simulated case, three
individual simulations are performed, and the mean of those simulations is reported as the results.

3. Results and discussion

In this section, results concerning the stress-displacement responses of specimens in shear box tests
are examined first as observed experimentally andnumerically. The (nominal) shear stress is defined as
4Q/πd2where Q is the shear force and d is the diameter of the specimen. The experimental and mod-
elling results presented in Figures 7 and 8 are average values of 2–3 measurements and 3 simulations



ROADMATERIALS AND PAVEMENT DESIGN S185

Figure 6. Main steps of the simulation procedure.

Figure 7. Measured and simulated stress-displacement response in shear box tests on unbound materials: (a) σn = 100kPa;
(b) σn = 400kPa.

respectively. In Figure 7(a) and (b) the shear stress-displacement responses of unbound specimens at
confining stresses of σn = 100 and 400 kPa are presented. A small parametric study with different fric-
tion coefficient showed that could accurately fit the data where both layers consist of large (9.5/9.5)
steel balls. Itmaybe seen that theproposedmodellingapproach is ingoodqualitative andquantitative
agreement with the measurements, at least until the peak load levels. In particular, calculated maxi-
mum force values arewithin 20%of themeasured ones for all cases examined. The effect of increasing
confining stress on the specimens’ shear strength is also captured well with both experimental and
modelling results, indicating that the strength of unbound specimens increases approximately linear
with vertical confining stress. With respect to the effect of particle sizes, the calculatedmaximum load
for (5.5/9.5) material is approximately 15–25% higher as compared to the ones calculated for (5.5/5.5)
and (9.5/.9.5) materials. This may be compared with 15–30% increase observed for (5.5/9.5) material
experimentally. At the same time, DEM model overestimates the decrease of force in the post peak
region at shear displacement above 5mm which may be explained by the fact that small particles
escape the confining cylinders at higher rate in themodel compared to experiments. As it is also seen,
the calculated force-displacement curves fluctuate somewhat more as compared to the experimental
ones, which may be explained by the lack of local dampening mechanisms in the model. In spite of
those shortcomings, the model captures the experiments well (until peak loads) which indicates that
the contact law parameters for ball-to-ball interactions are chosen adequately.

In Figure 8(a) and (b) stress-displacement responses of the specimens with boundmaterial are pre-
sented in the same manner as in Figure 7. Also, in this case a small parametric study was conducted
using two layers of larger balls to determine the calibration parameters K and σF . A binder stiffness
K = 5MPa and a binder fracture stress σF = 15MPawas found to capture the behaviour of the (9.5/9.5)
experiments nicely. It must be noted that those values are directly dependent on the assumed geom-
etry of the binder bond and should therefore not be regarded in any way as material properties of the
binder.
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Figure 8. Measured and simulated stress-displacement response in shear box tests on bound materials: (a) σn = 100kPa;
(b) σn = 400kPa.

Figure 9. Measured and simulatedmaximum force levels attained in shear box tests on boundmaterials. The results are presented
normalised with the maximum shear stress obtained at (9.5/9.5) combination and σn = 100 kPa.

Similar to the results in Figure 7, it was observed that while maximum load levels are captured
reasonably well by the model, the post-peak curves are significantly underestimated except for the
(9.5/9.5) material. Furthermore, the initial stiffness of the (5.5/5.5) and (5.5/9.5) materials is somewhat
overestimated by the model. These discrepancies are attributed to the postulated binder stiffness
model in Equations (8)–(10). This part of contact laws need to be developed further in future studies
incorporating viscoelastic effects and improving the description of the binder bond geometry. At the
same time, the model captures well the influence of vertical pressure and ball sizes on the specimen’s
strength, i.e. maximum shear forcemeasured in the test. This is illustrated further in Figure 9where the
calculated and measured specimens’ strength is presented, normalised with the strength measured
for (9.5/9.5) material at 100 kPa confining stress. Note, that themaximum shear forces are significantly
higher in the bound than in the unbound case and less depending on the confining stress, thus, clearly
demonstrating the positive role of binder. The experimental and simulation bars in Figure 9 repre-
sent the average value of 3 tests and 3 simulations respectively. Also in Figure 9, standard deviation
in maximum shear stress for each material and stress level are indicated. As seen in Figure 9, for all
cases except (5.5/5.5) material at 400 kPa confining pressure, the DEM and experimental results are in
goodagreement, i.e.within experimental scatter. Themaximumdeviationbetween themodelling and
experimental results is observed to be approximately 20% for the case of (5.5/5.5) material at 400 kPa
confining pressure, which is remarkable given that the same set of material parameters is used in all
simulations.
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Figure 10. Distribution of contact shear forces at the shear plane of bound materials observed at peak load and at σn = 400kPa;
(a) (9.5/9.5) combination (b) (5.5/5.5) combination (c) (5.5/9.5) combination.

In order to gain some micromechanical insight into interlayer shear phenomena, the distributions
of shear contact forces at the shear plane are presented in Figure 10(a–c) for the (9.5/9.5), (5.5/5.5) and
(5.5/9.5) materials at 400 kPa confining stress. The distributions in Figure 10 are shown at peak load
values, with arrows indicating the orientation of the shear contact force for each aggregate and arrow
colour indicating the force magnitude. The balls without arrows indicate broken bonds. As may be
seen the (5.5/5.5) material results in smaller contact forces as compared to both (5.5/9.5) and (9.5/9.5)
materials. Furthermore, in the (9.5/9.5) material several large pockets of debonded material exist in
contrast to theother twocases,where thedamage ismoreuniformlydistributed. Accordingly, thehigh
shear strength of the (5.5/9.5)materialmaybe explainedby its ability to distributemacro-scale loads in
amoreuniformmanner.Whereas the comparatively low strengthof the (9.5/9.5)material as compared
to the (5.5/5.5) case may be due to the broken bonds that are concentrated on the left border of the
specimen, thus suggesting that a now reduced area of the specimen is carrying the maximum shear
load. Hence, the cases with the same top/bottom ratio but different ball sizes resulted in different
maximum shear forces.

The results presented above indicate that the developed computational procedure captures well
the effect of particle sizes and confining stress on the shear strength of the specimens. Furthermore,
the results presented in Figure 10 illustrate the advantage of analysing experimental results with DEM
models as they allow quantifying the effect of meso-scale parameters of the interlayer, such as surface
roughness, binder stiffness and strength on materials shear strength.

For the accurate prediction of interlayer properties precise contact law parameters, in terms of
aggregate stiffness, binder properties and friction coefficient are essential. In this context, the experi-
mentalmodelling is also particularly instrumental as it allows to remove someexperimental uncertain-
ties associatedwith the testing of real asphalt mixtures, such as aggregate shape, local distributions of
binder, type of binder and air voids. Accordingly, those measurements provide a crucial input for the
identification of contact law parameters. In this study, the test results for the (9.5/9.5) material were
used todetermine the three calibrationparameters: the friction coefficientμ, thebinder stiffnessK and
the binder fracture stress σF . This approach may be refined further to better account for the influence
of aggregate sizes on the bituminous bond strength and stiffness, by incorporating an additional cali-
bration based on the tests with (5.5/5.5) material. This refinement will be performed as a part of future
studies.

When representative contact law parameters are identified, the DEM modelling may be used to
extrapolate the experimental findings over a wider range of conditions (e.g. in terms of pressure
levels and particle size combinations). In order to examine the feasibility of using the DEM to eval-
uate the effect of geometrical interlayer parameters and of vertical confining loads on the interlayer
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Figure 11. Maximum shear stress in simulated shear box tests on bound materials at different size ratios D2/D1, σn = 400 kPa.

Figure 12. Maximum shear stress in simulated shear box tests on bound materials as a function of σn .

strength, a brief parametric study outlined in section 2was performed, and the results are summarised
in Figures 11 and 12.

In Figure 11, the effect of the particle size ratio between the upper (D2) and bottom (D1) layers on
the interlayer strength is examined, for the cases summarised in Table 2. The results in Figure 10 are
presented for the confining pressure of 400 kPa. The shear strength evolution in case of 100 kPa con-
fining stress was found to follow the same trend and was therefore omitted here for clarity. Further, in
Figure 11 the shear strengths of the (5.5/5.5), (9.5/9.5) and (5.5/9.5) materials are included for compar-
ison. As seen in Figure 11, for 0.5 ≤ D2/D1 ≤ 1 decreasing the particle size of the upper layer results in
an increase of interlayer shear strength due to improved particle interlock as discussed qualitatively in
connection to Figure 1. However, at D2/D1 < 0.5, further decrease of particle sizes in the upper layer
has a profound negative effect on strength, which remains almost constant atD2/D1 ≤ 0.37. This may
be explained by particles becoming too small for being effectively embedded in both upper and bot-
tom layers and are accordingly compromising the interlock properties. This observation also agrees
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well with practice where D2/D1 = 0.5 proofed to be the most relevant nominal maximal aggregate
size ratio between surface and binder courses.

It should be pointed out that the ratioD2/D1 does not uniquely determine the shear strength of the
materials. In particular, for D2/D1 = 1, the strengths of three materials (5.5/5.5), (9.5/9.5) and (10/10)
are shown in Figure 11, and it may be seen that decreasing particle size results in a significant increase
of shear strength. This is somewhat expected as smaller particle sizes result in higher number of con-
tact points and, accordingly, in more bonds per unit area. It is also of interest that, for the range of
D2/D1 investigated, the minimum shear strength is observed at D2/D1 = 1.33, i.e. when the upper
layer is composed of clearly coarse particles as compared to the bottom one.

In Figure 12, the effect of confining stress on the shear strength of (5.5/5.5), (9.5/9.5) and (5.5/9.5)
materials is examined. Experimental shear strengths of the model material as measured by Raab et al.
(2012) at σn = 0kPa and 100, 400 kPa with Leutner (only bound material) and shear box test respec-
tively are also presented in Figure 12 for comparison. In order to give an idea about the experimental
scatter, the experimental results are presented as points corresponding to individual measurements.
As shown inFigure12, the calculated shear strengthvalues agree reasonablywellwith theexperiments
and are definitely within experimental scatter. For all three materials, the shear strength increases
linearly with pressure for all pressures above 100 kPa. This linear trend suggests that the increase in
strength is governed primarily by frictional interactions, as the tangential force for initiating sliding is
linearly proportional to the applied normal load. In order to illustrate this point further, linear fits to
the strength values calculated for each material, in form of a Coulomb failure law

τmax = c0 + σn tanϕ (3)

are also included in Figure 12. The angle ϕ is the same for all cases while, evidently, different cohesion
values c0 are used for the different size ratios.

At normal confining stress σn = 0 kPa the (9.5/9.5) material has a strength of 0.6MPa which is
approximately 50% lower compared to the values calculated for the (5.5/5.5) and (5.5/9.5) materials,
which may be explained similarly to the discussion of Figure 10 by the higher number of bonds exist-
ing when smaller particles are present. Furthermore, for all three materials the strength increases fast
between σn = 0kPa and σn = 100kPa, which is also in line with the experimental results by Raab et al.
(2012). This rapid increase is attributed to the normal confining stress contributing to particle interlock
by squeezing the two layers into each other. This effect may be expected to be most pronounced at
the initial increase of normal stress.

4. Conclusions

In this study, the effects of particle interlock andparticle contact conditions on interlayer strengthwere
investigated through experimental and numerical modelling. The interlayer shear strength of materi-
als composed of stiff binder blendedwith steel balls of different sizeswas investigated experimentally.
It is shown that the measurements on this simplified model materials capture the main features of
interlayer response to shear loads. In particular, the effects of normal stress and of particle interlock on
interlayer strength are well captured by the tests. At the same time, using the simplified representa-
tion of aggregates allows to remove at least some uncertainties associated with testing of real asphalt
mixtures, such as associated with variable shape of aggregates, their mechanical properties, etc.

A Discrete Element method (DEM) model of the shear box test was developed, incorporating
granular mechanics-based particle contact laws developed in earlier studies by the authors. The mea-
surements on the model material were used to calibrate the contact law parameters as well as to
validate the model. It was shown that the developedmodel captures adequately the measured force-
displacement response of specimens. In particular, the effects of particle size combinations and of
normal confining stress agrees well with experimental measurements. For the majority of cases the
deviations between experiments and simulations are within experimental scatter.
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Furthermore, combining experimental and numerical modelling allows to formulate simplified
models as basis for real world considerations. In this study, themodelwas used to obtain an idea about
the optimal relationship between themaximum aggregate size of two asphalt courses applied hot on
cold with respect to the static interlayer shear strength. It may serve as a starting point for mechanical
studies on real cases bothwith respect to optimal relative aggregate sizes of two pavement layers and
optimal milling or textures of the layers. The developed model is also a feasible starting point for in
depth numerical and experimental studies on the role of binder and tack coat with respect to inter-
layer shear strength of real asphalt layers. Such a developmentwill, however, require further extension
of contact laws in order to incorporate viscoelastic properties of the binder and its rate-dependent
strength.
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