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Abstract. This study established the ratio of the base layer’s elastic modulus to that of
the surface layer R,, as a key variable to systematically investigate how the base layer’s
elastic modulus influences the mechanical response and service life of flexible pavement. A
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three-dimensional finite element model of a three-layer pavement system was analysed,
using EverStressFE, with a constant surface layer modulus and a variable base layer modulus.
The analysis included two important interfacial bonding conditions: full bonding and full slip.
It also considered that the actual wheel loads are not uniform but rather follow concave and
convex distribution patterns. The mechanical responses, including deflection at the top of the
asphalt layer, tensile strain at the bottom of the asphalt layer €y, and vertical compressive
strain at the top of the subgrade ¢,,, were quantified to predict fatigue life (for cracking) and
rutting life (for permanent deformation). The results indicated that the maximum deflection
reached 0.53 mm under a full slip condition with a convex load distribution at R,, = 0.75.
Critical tensile strains at the bottom of the asphalt layer were most severe under full slip with
a convex load, reaching 348 x 10°°, while the fully bonded, concave case resulted in a much
lower value of 83 x 107°. Similarly, the maximum vertical compressive strain on the subgrade
was 365 x 107 for the fully slipped, convex case compared to 250 x 107 for the fully bonded,
concave case. A lower Ry, value under full slip with a concave load distribution significantly
reduced the pavement lifespan, with predicted fatigue life decreasing by over 60% and
rutting life by nearly 45% compared to the fully bonded case. On the other hand, a convex
load distribution greatly increased the pavement’s bearing capacity by raising the critical
strain thresholds and lengthening the expected service life. These findings underscore the
paramount importance of interface bonding and load distribution patterns, suggesting that
they can outweigh the influence of the base layer’s modulus alone on pavement design.

Keywords: bonding condition, elastic modulus, finite element method, mechanical response,
non-uniform wheel load.

Introduction

Understanding the various load distributions is essential for accurately
predicting pavement performance (Abed et al.,, 2019). The mechanical responses
of asphalt layers to differing load pressures can significantly influence their
durability and longevity (Qian et al., 2021). For example, layers subjected to high
localized stresses may demonstrate reduced lifespans due to accelerated wear
and tear, while layers experiencing more uniform pressure might undergo gradual
degradation over time (Dhasmana, 2020). The distribution of non-uniform loads on
asphalt pavement can be categorised into two primary types: convex and concave
distributions. Each type represents a distinct loading scenario that can impact
the performance and longevity of the pavement (Zhu & Shi, 2021). A convex load
distribution is characterised by high tire pressure concentrated over a small area
of the pavement. This situation often occurs when heavy vehicles, such as trucks
or buses, apply substantial force through their tires onto the road surface (Wang,
2011). The localized stress resulting from this concentrated pressure can lead to
significant deformation and potential damage to the pavement structure (Singh
& Sahoo, 2021), specifically, the high stress concentration can cause issues such
as rutting, cracking, and other forms of distress that compromise the pavement’s
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integrity (Canestrari & Ingrassia, 2020). In contrast, a concave load distribution is
defined by lower tire pressure that is spread over a larger area (Yao et al., 2021).
This type of distribution typically occurs with lighter vehicles or under conditions
where tire pressures are not optimally maintained (Szczucka-Lasota et al., 2021).
While a concave distribution may lead to a more uniform stress distribution across
the pavement, it does not eliminate the risks associated with load application (Poon,
2020; Wei et al., 2021). Even though the stress is distributed over a broader area,
the overall lower pressure can still result in issues such as fatigue cracking over
time, particularly if the pavement experiences repeated loading cycles (Norouzi
et al,, 2016). Furthermore, a uniform load distributes stress evenly across the
pavement, concealing localized weaknesses or defects. This uniformity can delay
the early detection of issues like material degradation, subgrade irregularities,
or construction flaws, as the stress distribution does not cause immediate visible
distress. Therefore, engineers must proactively monitor the pavement for subtle
signs of failure that may only surface over time, since the uniform load does not
reveal these underlying problems in the short term (Gu et al., 2019).

The elastic modulus is one of the crucial properties for understanding the
behaviour of pavement layers under non-uniform loads, as it quantifies material
stiffness and deformation under stress (Assogba et al, 2020; Leon & Charles,
2015). A strong elastic modulus in the surface layer is vital for protection against
deformation caused by vehicle loads, minimising permanent damage and ensuring
safety and functionality (Pratomo et al.,, 2021)). The selection of the base layer’s
elastic modulus varies with material types, allowing for customization to meet
specific loading conditions (Leon et al.,, 2019; Nouri et al., 2021). Materials with
a higher modulus are suitable for heavy traffic, while those with a lower modulus
can be utilised for lighter loads, offering cost-effectiveness (Fan & Njuguna, 2016).
Understanding how convex and concave load distributions influence stresses
facilitates effective responses to prevent damage (Lorenz et al, 2022). The
consideration of elastic modulus in both layers enhances pavement resilience,
extending lifespan and reducing maintenance costs (Leon & Ray, 2021). This
knowledge is essential for optimising performance and ensuring sustainable road
infrastructure (Ijari & Paternina-Arboleda, 2024). The literature review concerning
the effect of modifying the elastic modulus of the base layer provides valuable
insights into how variations in material stiffness influence load distribution in
pavement systems (Selsal et al., 2022). It has been noted that an increase in the
elastic modulus of the base layer leads to a more favourable load distribution,
thereby diminishing stress concentrations that could cause pavement distress
(Jiang et al.,, 2024). However, numerous studies reveal significant shortcomings,
such as a lack of comprehensive modelling that incorporates actual traffic conditions
and load variations (Harri et al., 2009). Moreover, the effect of load distribution
shape, whether circular or rectangular, is insufficiently addressed, as this does not
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accurately represent real-world scenarios (Chen, 2017). The impact of the elastic
modulus and its subsequent effects on load distribution are often overlooked (Oliver
& Pharr, 2004). Additionally, many studies fail to consider the interactions between
the base layer and other pavement layers, which may lead to incomplete conclusions
regarding overall pavement performance (Bhandari et al., 2023; Haider et al., 2007;
Titus-Glover et al., 2019; Zaumanis et al., 2014). This gap in knowledge emphasises
the need for more integrated research that accounts for multiple variables affecting
elastic modulus and load distribution to develop more effective pavement design
practices.

This study directly builds upon previous FEA models by addressing their core
limitations. First, to move beyond simplified load shapes, we explicitly model
two specific, realistic non-uniform load distributions (convex and concave) that
represent actual tire-pavement contact pressures, thereby providing a more
accurate representation of real-world loading scenarios. Second, we directly
investigate the often-overlooked impact of the base layer’s elastic modulus,
systematically varying it from 750 MPa to 9000 MPa, on critical pavement responses
under these complex loads, a key factor previously identified as being neglected in
the literature. Third, our analysis using EverStressFE incorporates two extreme
bonding conditions (full bonding and full slip) at the layer interfaces to fully account
for layer interactions, thereby addressing a critical gap identified in the literature.
Through this comprehensive approach, which integrates realistic load shapes, a wide
range of base layer stiffness, and interface bonding conditions, the research aims to
provide new insights and predictive transfer functions that expand our knowledge
of asphalt pavement performance under complex loading scenarios, ultimately
offering a more integrated perspective for pavement design.

1.  An overview of the elastic modulus distribution of the base
layer for various materials

In practical engineering contexts, the base layer of the asphalt pavement
structure can be constructed from a variety of materials, each exhibiting different
stiffness levels. The typical materials include granular substances, chemically
stabilised options, cement concrete, and recycled materials such as reclaimed
asphalt pavement (RAP), recycled construction and demolition waste, and reclaimed
concrete aggregate, among others. Numerous experimental studies conducted
by researchers in recent years have demonstrated that all the aforementioned
materials exhibit varying mechanical properties within the pavement structure,
particularly the modulus, which is commonly used to represent material stiffness
(Arshad, 2018; Arulrajah et al.,, 2015; Bassim & Issa, 2020; Bestgen et al., 2016;
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Bilodeau & Doré, 2012; Cetin et al., 2010; da Conceigdo Leite et al.,, 2011; Ji et al.,,
2019; Jiang & Fan, 2013; Li et al., 2019; Miao et al.,, 2016; Mohammad et al., 2000;
Romeo et al, 2019; Solanki et al, 2009; Yao et al, 2021). Consequently, the
distribution range of modulus for four typical materials utilised in constructing
the base layer is summarised as illustrated in Figure 1. This clearly indicates that
the modulus variation for these materials is quite extensive, ranging from 30 MPa
(granular materials) to 31 000 MPa (cement concrete). As depicted in Figure 1,
cement concrete has the highest modulus, followed by chemically stabilised
materials and granular materials, while recycled materials exhibit the lowest
modulus due to potential damage incurred prior to recycling, such as cracks and
permanent deformation. Moreover, even within the same material type, significant
differences in modulus may exist, influenced by several factors including gradation,
moisture content, additive proportions, and loading repetitions. For example,
the minimum modulus for chemically stabilised materials is 150 MPa, while the
maximum can reach 12 000 MPa according to available experimental data. In
summary, the base layer material presents a broad modulus range, which will
inevitably impact the performance of the asphalt layer. Therefore, this study again
emphasises the importance of the modulus of the base layer on the mechanical
behaviour, particularly strain distribution, of the asphalt layer. In other words,
careful consideration must be given to the matching of modulus between the base
layer and the asphalt layer. To comprehensively cover all representative base layer
materials, a researched modulus range of 750 to 9000 MPa has been adopted for the
subsequent analysis presented in this paper.
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Figure 1. The modulus range of various base layer materials

3. Establishment of a three-dimensional finite element model
3.1. Tire contact pressure distribution

According to numerous studies, tire contact pressure is affected by a variety
of complex factors, including tread design, tire inflation pressure, and applied
load (Anghelache & Moisescu, 2012; El-Kholy & Galal, 2012; Hernandez & Al-Qadi,
2016b, 2016a, 2017; Hu & Sun, 2005, 2006; Ilse, 2015; Leon & Gay, 2020; Wang,
2005; Wang et al.,, 2012). The non-uniform distribution of wheel load typically
produces a rectangular tire contact area. Whether the tire pattern is longitudinal
or transverse, lowering tire pressure under high load conditions tends to result in
a convex distribution of tire contact pressure. Conversely, increasing tire pressure
under low load conditions usually leads to a concave distribution across the tread
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width (Jiang et al., 2021), as shown in Figures 3a and 3b. The tire contact pressure
is uniformly distributed in the central portion of the contact area, while it follows
a parabolic or half-sinusoidal pattern along the edges. Calculations were performed
for a single-axis dual-wheel load (25 kN per wheel), with a dual-wheel spacing
of 350 mm and a tire width of 225 mm featuring a directional tread pattern.
Considering the actual distribution of tire contact pressure across the tire width
and in the driving direction, the wheel load was modelled to follow two types of non-
uniform distribution patterns: convex and concave, as outlined in Table 1. It should
be noted that, due to the directional tread pattern of the tire, the two non-uniform
distribution types listed in Table 1 were designed to reflect the reduced contact area
across the tire width, as demonstrated in Figure 2, with a haversine distribution
assumed in the driving direction (Sofwan et al., 2019).

v
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—» 75 4— —» 75 4—

—» 75 4— —» 7.5 4—

158.7

»
—

X (driving direction)

Y (tire width direction)

Figure 2. Simplified depiction of tire impressions (unit: mm).
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Table 1. Wheel load distribution forms
X Wheel load Wheel load
Single force, MPa distribution characteristics
Wheelload wheel maximum Note
distribution load, .. Along the tire Along
value minimum the drivin
kN width . . 9
value direction
The reduction of
Convex . . .
) half-sinusoidal the action area
non-uniform 25 1.2 Convex L . . ]
o distribution  is taken into
distribution . .
consideration, as
shown in Figure 2,
c where X and Y
oncave L -
. half-sinusoidal indicate the driving
non-uniform 25 0.6 Concave L i . .
. distribution  direction and the
distribution

tire width direction,
respectively.

a) convex distribution

Tire Contact Pressure (kPa)
convex nun uniform_patch_load.node

' 1200

1080
240
I 720
600

480

b) concave distribution
Tire Contact Pressure (kPa) e

Figure 3. The non-uniform distribution of tire pressures

3.2. Description of bonding conditions

The EverStressFE software was utilised to model the bonding conditions of the
asphalt pavement structure by incorporating specially processed 16-node elements
at the interfaces between layers and incorporating the interface stiffness IS, N/mm?.
The mechanical parameter IS was not equivalent to the friction coefficient used
in the conventional Coulomb model; rather, it was defined as the ratio of the shear
stress T, N/mm?, at the top and bottom of the interface element to the relative shear
displacement & between nodes in the X or Y direction, as expressed in Equation (1).
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Interlayer shear stress T

M

~ Relative shear displacement of interlayer nodes §

As shown in Equation (1), the bonding condition improves with an increase in
interface stiffness (IS), indicating a trend toward a fully continuous state. On the
other hand, a decrease in IS corresponds to a deterioration in the bonding condition,
suggesting a progression toward a fully slip state. When IS assumes a value of 0 or
oo, the bonding condition represents one of two extremes: complete slipping or
complete bonding, respectively. For intermediate values of IS, the bonding condition
is classified as a partial-bonding state (Jiang et al., 2021).

3.3. Pavement structure and finite element meshing

The conventional asphalt pavement structure with a flexible base (Huang, 2004)
was chosen as the subject of the study. The model, depicted in Figure 4a, consists of
three primary layers: the asphalt surface layer AC, the base layer, and the subgrade,
and it also shows the material properties for each layer, including thickness h,
elastic modulus E, and Poisson’s ratio . In Figure 4b, a key variable in this study is
the elastic modulus of the base layer, which was systematically varied. The loading
condition simulated a standard dual-wheel single axle with a total load of 100 kN
and a tire pressure of 0.7 MPa. The contact area for each tire was modelled with an
equivalent radius of 10.65 cm, and the centre-to-centre distance between the dual
tires was 31.95 cm. A Cartesian coordinate system was established with its origin
at the centre of the dual-wheel gap, where the X, Y, and Z axes represent the driving
direction, transverse direction, and depth into the pavement, respectively.

To make the calculations more efficient, a quarter-model with dimensions of
1.0 m (X) x 1.0 m (Y) x 1.25 m (Z) was used, taking advantage of the wheel load’s
symmetry. The boundary conditions were set as follows: the left (X = 0) and front
(Y = 0) planes were defined as symmetric boundaries; the right (X = 1) and bottom
(Z =-1.25) boundaries were modelled as infinite elements to simulate a semi-infinite
domain; and the top surface was an unconstrained free boundary. The connections
between all the pavement layers were modelled as being fully bonded. The mesh had
9716 elements and 45 286 nodes, and most of the elements were 20-node hexagonal
ones. To make sure the calculations were correct, a refined, dense mesh was used
in the area directly under the wheel load. In areas with a lower stress gradient, the
mesh became coarser, as shown in the shaded area of Figure 4c.
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Figure 4. The finite element model
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4, Discussion of results

Previously, the maximum critical strains in the asphalt layer consistently
occurred beneath the loading zone, as has been noted in many studies (Aarabi &
Tabatabaei, 2020; Abu Al-Rub et al., 2012; Al-Hadidy & Tan, 2009; Cortes et al., 2012;
Huang et al,, 2011; Li et al., 2020; Liu & Shalaby, 2013; Maina et al., 2012; Park &
Lytton, 2004). However, the in-plane coordinate of the calculated point utilised in
the subsequent analysis in this paper is positioned at the centre of one of the dual
tires. It is worth noting that the figures in this section depict one wheel, as the shape
is symmetrical in both directions.

4.1. Distribution of deflection at the top of the asphalt layer Uz

Figure 5 examines the deflection of the pavement surface at (x = 0) in the
driving direction under different interlayer bonding conditions. Figure 5a depicts
the deflection distribution along the asphalt layer for varying R, values, assuming
fully bonded asphalt interfaces. When R, is low, maximum deflections occur near
the wheel centre and the top of the asphalt layer due to weak interlayer bonding. As
R,, increases, deflections decrease significantly because stronger bonding reduces
deflection, although the rate of improvement slows with further increases in R;,. On
the other hand, Figure 5b reveals an irregular concave distribution, identifiable by
its distinct curvature, which amplifies deflection at low Ry, values, especially near
the wheel centre, where load concentration leads to higher deflection.
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Figure 5. Deflection curves of the pavement under the two extreme interlayer bonding
conditions at x = O in the driving direction

In the scenario of full slip at first interlayer interfaces, when the load distribution
adopts an irregular convex shape, as depicted in Figure 5c, the legend confirms that
the highest deflection is observed when the R, value is 75% of the elastic modulus
of the surface layer. This is because greater differential movement at the interfaces
occurs under such conditions. The deflection above the surface layer of the pavement
begins to decline, as indicated by the data trends in the figure. This reduction may be
due to a change in the stress distribution as the load conditions change. In the case
of a concave distribution, as illustrated in Figure 5d, the highest deflection occurs
at lower Ry, values. This phenomenon is because when R,, is low, the interlayer
bonding is weaker, allowing for more deflection. As Ry, values increase, deflections
are reduced because stronger interlayer bonding restricts movement. However, it is
indicated that under conditions of complete sliding between the asphalt pavement

137



THE BALTIC JOURNAL Lana Elabbas Abdelhaliem Babiker, Xin Jiang, Canyang Cui, Yangchen Lu, Mian Zhang,

OF ROAD Yang Xue, Yanjun Qiu
AND BRIDGE . . .
ENGINEERING Influence of Interface Bonding Condition and Base Layer Elastic Modulus on Asphalt

2026/21(1) Pavement Structure Mechanical Response to Non-Uniform Loads

surfaces, the pavement becomes increasingly vulnerable to deflection. This is
because the lack of proper bonding between the layers allows for greater movement
and deflection, potentially leading to the formation of curves on the asphalt surface.
This results in the emergence of ripples on the roadway because the uneven
deflection causes irregularities in the pavement surface. These ripples adversely
affect the smooth movement of vehicles, as they create an uneven driving surface
that can cause vibrations and instability.

4.2. Tensile strains at the bottom of asphalt layer ,,

Figure 6 illustrates the tensile strain along the driving direction at the bottom of
the asphalt layer under varying Ry, values, different bonding conditions, and diverse
loading conditions. This phenomenon indicates that the peak tensile strain in the
driving direction is the primary factor inducing fatigue cracking in the asphalt layer.
Figure 6a shows a non-uniform convex distribution under full bonding conditions,
where the data series with the highest peak in the legend corresponds to an R, of
0.25. This occurrence is attributed to increased strain concentration resulting from
the convex shape, which amplifies the tensile forces at the interface. The plot shows
that the peak tensile strains remain stable whenever R, exceeds 1, signifying that
the elastic modulus of the base layer exceeds that of the surface asphalt layer. This
stability is facilitated by efficient load distribution that mitigates strain localization
at the top layer. Figure 6b presents a non-uniform concave distribution under full
bonding conditions, where the curve associated with a lower Ry, value-specifically
when the elastic modulus of the base layer is significantly less than that of the
surface layer-leads to maximum tensile strain. This strain begins to decrease as
R, increases, which can be ascribed to enhanced load transfer efficiency in stiffer
materials that reduce strain under applied loads.
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Figure 6. Tensile strains at the bottom of the asphalt layer under the two extreme
interlayer bonding conditions at x = O in the driving direction

In the context of full slip between the interface layers, it is observed that the
tensile strain value increases markedly due to the relative motion between the
layers that elevates tensile strain, thereby contributing to higher overall strain
levels. As shown in Figures 6c and 6d, the tensile strain exhibits a half-sine wave
profile, increasing as one approaches the centre of the wheel. The increase in tensile
strain is attributed to the relative motion between the layers, which elevates tensile
strain. This relationship is supported by the understanding that when two surfaces
slide against each other, the frictional forces generated can lead to increased strain
in the materials involved. Research has shown that relative motion at the interface
can significantly affect the stress distribution, leading to higher strain levels. The
half-sine wave profile of the tensile strain is indicative of the load distribution
across the pavement. As the load is applied, the strain increases towards the centre
of the wheel, reflecting the concentrated load effect. This behaviour is consistent
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with findings in pavement mechanics, where tensile strain profiles are often
modelled as sinusoidal due to the nature of load application. The sinusoidal shape
arises from the way loads are distributed and transferred through the pavement
structure. In Figure 6¢, a non-uniform convex distribution is depicted under full slip
conditions, where the maximum tensile strain is noted by the prominent peak in
the profile when R,, reaches 0.75. This indicates that the elastic modulus of the base
layer is three-quarters that of the surface layer. The increased relative movement
enhances the tensile forces experienced at the interface, which is consistent with
the principles of material mechanics that state that higher relative motion leads
to increased tensile forces. The convex load shape creates areas of concentrated
stress, further amplifying the tensile strain. Figure 6d illustrates a non-uniform
concave distribution under complete slip between the interface layers of the
asphalt pavement structure. The maximum tensile strain occurs whenever R, is
low, as highlighted by the corresponding data markers, which is attributed to the
significant stiffness disparity that results in excessive strain accumulation under
load. Research indicates that when the base layer’s stiffness is significantly lower
than that of the surface layer, the strain distribution becomes more pronounced,
leading to higher tensile strains. The concave shape can exacerbate the effects of
load application, resulting in increased strain at the interface.

4.3. Vertical compressive strain of the sub-grade layer ¢,

The vertical compressive strain of the subgrade layer is utilised to forecast
its permanent deformation (Maina & Matsui, 2004). Figure 7 demonstrates that
the vertical compressive strain in the subgrade layer markedly increases with the
elevation of Ry, as indicated by the upward trend of all data series in the legend.
This indication suggests that a higher modulus of the base layer will result in a
decrease in the resistance to permanent deformation of the subgrade layer. This
phenomenon is evident across Figures 7a-7d, where the consistent trend confirms
the relationship. This happens because a base layer with a high modulus stops
the bottom of the subgrade layer from changing shape, while the top of the layer
is still affected by the load. This keeps the subgrade layer in a high compressive
stress state. Consequently, to effectively control the permanent deformation of the
subgrade layer, the modulus of the base layer can be judiciously lowered without
causing an increase in the permanent deformation of the subgrade.
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Figure 7. Vertical compressive strain of the sub-grade layer under the two extreme
interlayer bonding conditions at x = O in the driving direction

5. The effect of bonding conditions on the service life
of flexible base asphalt pavement
5.1. Transfer function for predicting pavement lifespan

To analyse the influence of bonding conditions on the predicted service life of
flexible asphalt pavement under non-uniform wheel loads, this study employed
transfer functions (Huang, 2004). These functions, which include fatigue cracking
and permanent deformation models as recommended by the American Asphalt
Institute (AI) for evaluating pavement structural life, were applied. As described
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and illustrated in the subsequent figures, where the service life for different bonding
conditions is distinguished by specific markers and line styles in the legend, the
service life of a pavement structure under different bonding conditions is estimated.

—0.854

*

)73.291 E

Ne =0.414(<6 (2)

In Equation (2), Nf corresponds to the cumulative number of load repetitions
contributing to fatigue cracking, |E’| signifies the dynamic modulus of the asphalt
mixture expressed in MPa, and €0 represents the horizontal tensile strain at the base
of the asphalt layer, which plays a role in fatigue cracking.

Ny =1365x107(, ) "7 3)

In Equation (3), Ny signifies the total number of load repetitions that influence
permanent deformation, while €, represents the vertical compressive strain that
governs this deformation. For a conservative design approach, the highest flexural-
tensile strain in the strain in the X direction at the bottom of the asphalt layer
was designated as the horizontal tensile strain g to assess fatigue cracking. For
permanent deformation, the greatest vertical compressive strain ¢,, at the subgrade
surface was utilised. To simplify the computational process, the elastic modulus EE
of the asphalt mixture was employed in Equation (2) as a replacement for its
dynamic modulus |E’| (Jiang et al., 2021).

4.4, Effects of the two extreme bonding conditions on the lifespan
of the pavement structure

As depicted in Figure 8, the bonding conditions significantly influenced the
service life of flexible base asphalt pavement under non-uniform wheel loads.
The legend in Figure 8 differentiates the transition from fully bonded to fully slip
bonding conditions, which led to a notable decline in Nj the total load repetitions
related to fatigue cracking, and Ny the total load repetitions associated with
permanent deformation. Both parameters decreased by up to two orders of
magnitude, as the logarithmic scale of the plot shows, demonstrating that the
deterioration of bonding conditions drastically shortened the pavement’s lifespan.
However, under these two bonding conditions, the projected structural life of the
flexible base asphalt pavement was primarily governed by permanent deformation,
as indicated by the lower N4 values across all conditions, implying that rutting was
the dominant form of pavement damage. A significant disparity in structural life was
observed, particularly in practical design and management scenarios. Therefore,
steps should be taken to mitigate pavement damage resulting from excessively high
tire pressure in flexible base asphalt pavement.
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Figure 8. Lifespan of the pavement structure under the two extreme bonding
conditions

In summary, this part provides a definitive answer to the question of how
bonding conditions affect the service life of flexible base asphalt pavement. The
analysis unequivocally demonstrates that the interface condition is a paramount
factor, exerting an influence so profound that it can override other design
considerations. The transition from a fully bonded to a fully slipped condition was
found to catastrophically reduce pavement life, decreasing the allowable load
repetitions for both fatigue cracking Nf and permanent deformation Ny by up to
two orders of magnitude. This establishes that poor bonding is a primary failure
mechanism, drastically accelerating pavement deterioration. Furthermore, the
life prediction models confirm that under all bonding scenarios investigated, the
structural life is predominantly governed by permanent deformation (rutting)
in the subgrade, identifying it as the critical failure mode. Therefore, the central
conclusion of this section is that ensuring and maintaining excellent interfacial
bonding is not merely beneficial but is a fundamental prerequisite for achieving
design life. For pavement engineers, this translates to a critical design imperative:
specifying construction techniques and materials that guarantee a fully bonded
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system is essential to prevent premature failure and realise the intended long-term
performance of flexible pavements.

5.

Conclusions and recommendations

5.1. Conclusions

This study employed a 3D finite element model to conduct a parametric analysis

of a three-layer flexible pavement system, investigating the effects of base layer
modulus Ry, interfacial bonding conditions (full bond vs. full slip), and non-uniform
wheel load distributions (convex vs. concave). The following conclusions are drawn
from the numerical results:

1.

Interfacial bonding is the paramount factor governing service life. The condition
at the layer interface exerts a more significant influence on pavement longevity
than the stiffness of the base layer. The degradation from a fully bonded to a fully
slipped interface resulted in a reduction of the allowable load repetitions (N and
Ng) by up to two orders of magnitude, representing a life reduction of over 60%
for fatigue and 45% for rutting in critical cases. This establishes that superior
interfacial bonding is a fundamental requirement to achieve design life.

. Critical strains are dictated by the load distribution and bonding. The most

severe mechanical responses occurred under the effect of a convex load

distribution and a fully slipped interface. Specifically:

— Tensile strain ey, at the bottom of the asphalt layer reached 348 x 10"® under
full slip with a convex load, which is 70% higher than the 205 x 10~® recorded
under a fully bonded condition with the same load. This drastic increase
directly accelerates bottom-up fatigue cracking.

— Compressive strain ¢,, at the top of the subgrade peaked at 365 for the full
slip/convex case, compared to 300 x 107° for the fully bonded case, indicating a
significantly heightened risk of permanent deformation.

The dominant failure mode is governed by global system response. For the
specific pavement structure analysed, the predicted service life was consistently
limited by permanent deformation (rutting) in the subgrade, not fatigue cracking
in the asphalt layer, across all scenarios. This finding highlights the importance of
evaluating the entire pavement system rather than focusing on a single layer.
The efficacy of base layer stiffness is contingent on bonding. The benefit of a
high-modulus base layer (high R,,) is fully realised only under perfectly bonded
conditions. Under full slip, the structural contribution of a stiff base layer is
largely negated, as load transfer is compromised. This indicates that investing
in high-quality interface construction is a prerequisite for leveraging the
performance benefits of high-performance base materials.
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5.2. Recommendations

Based on the findings of this study, the following recommendations are provided.

Pavement design guidelines should explicitly incorporate the quality of

interfacial bonding as a key design variable. Structural calculations should

include sensitivity analyses for imperfect bonding conditions, especially for long-
life pavements.

. The use of optimised tack coats should be mandatory. Construction specifications

should include verifiable metrics for interface shear strength, validated through

field testing (e.g., Leutner shear test or Torque Bond Test) on cores, to ensure the
realisation of a fully bonded system.

For the design of highways and major arterials, the critical convex load

distribution should be adopted to simulate the high-pressure zones under

modern truck tires, as it was proven to generate the most detrimental structural
responses.

. The selection of the base layer material should be based on a systems approach

that prioritises bendability and stiffness compatibility with the asphalt layer,

rather than maximising base stiffness alone.

. The parametric nature of this study necessitates future validation to enhance its

predictive credibility. Subsequent research should focus on:

— conducting full-scale or large-scale laboratory experiments with
instrumented pavement sections to measure strain responses under
controlled loading and predefined bonding conditions for direct model
calibration;

— instrumenting in-service pavement sections to monitor long-term
performance under real traffic, providing data to correlate the modelled
strain responses with actual observed distress;

— developing and validating models for partial bond conditions, which
represent the most common real-world scenario, to create a more granular
understanding of interface performance.
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