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ABSTRACT

The interface bonding conditions between the pavement layers is one of the main fac-
tors influencing the performance of the pavement structure. The present paper analyzes
the effects of the interface conditions between the layers on the process of overlay de-
sign in flexible pavements. The data were collected by deflection testing using Falling
Weight Deflectometer (FWD) and by drilling cores. Simulations were performed in the
software BackMeDiNa, MeDiNa and AEMC for three different conditions of interface be-
tween the layers. The data of backcalculated moduli, overlay thicknesses, cracked area
and fatigue damage were compared under different bonding conditions. In most of the
simulations, backcalculated moduli in the de-bonding condition were higher than ones
in the full-bonding between the layers. For the overlay design, the modular sets ob-
tained from the different interface conditions led a slight difference in the thickness of
the new asphalt layer (reinforcement), but with higher percentages of cracked area for
the structures with full-bonding condition. In the analysis of the fatigue damage, the
results showed that the damage obtained with the full-bonding layers was higher than
that one obtained with de-bonding interfaces and the bonding between the surface and
base layers.

RESUMO

As condigGes de aderéncia entre as camadas do pavimento é um dos principais fatores
que influenciam no desempenho da estrutura. O presente artigo analisa os efeitos da
condicdo (aderida ou ndo) das interfaces das camadas no dimensionamento da camada
de refor¢co em pavimentos asfalticos. Os dados utilizados no projeto foram obtidos por
meio de ensaios deflectométricos com uso do Falling Weight Deflectometer (FWD) e por
abertura de pogos de sondagem. Foram realizadas simulagdes nos softwares BackMe-
DiNa, MeDiNa e AEMC para trés condigOes distintas de aderéncia entre as camadas.
Comparou-se os valores de médulos retroanalisados, espessuras e analise de area trin-
cada no dimensionamento da camada de reforco e dano médio a fadiga resultante das
diferentes condi¢Ges de interface. Na maioria das simulagGes, foram obtidos maiores
valores de mddulos retroanalisados pela condigdo de ndo aderéncia entre as camadas.
Para o dimensionamento da camada de reforgo, os conjuntos modulares obtidos das
diferentes condigdes de interface resultaram em uma pequena diferenga na espessura
da camada, mas com porcentagens de area trincada maior para a condigdo de aderéncia
total. Na anadlise do dano a fadiga, os resultados mostraram que os danos obtidos com
todas as camadas aderidas foram maiores do que os obtidos com as camadas ndo
aderidas e aderéncia apenas entre as camadas de revestimento e base.
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1. INTRODUCTION

Asphalt pavement is a multilayer system structure composed of various layers with different
materials and thicknesses, designed to bear the effects of loads and environmental conditions.
The current mechanistic methods of pavement design are based on stress and strains analysis.

A poorly designed pavement can lead to early failures and shortened life expectancy. There-
fore, it is paramount importance that a pavement design to take into account all the intervening
factors in order to able to withstand the external effects. Among the pavement distress, it can
be cited: rutting, fatigue cracking, thermal cracking and slippage cracking.

Slippage failure is one of the distress that can occur at pavement layers due weak bonding
condition between the layers, mainly between the asphalt layers. That failure often happens on
some locations of the pavement, such as the breaking or turning movement at intersection
(Hariyadi and Utami, 2015).

The bonding condition between the layers is important to ensure the layers work as a com-
posite structure in order to support the traffic and environmental loading, and if that condition
does not happen, premature failures and deformations may occur. Nevertheless, the guarantee
of total or partial bond may not be obtained due to the differences in characteristics between
the layers.

Flexible pavements are typically considered as an elastic multilayer and most of the pave-
ment design methods assume only two interface conditions: full-bond (i.e. no slipping) or no-
bond (i.e. slipping). However, they are the extreme conditions and are not realistic in the field.
In practice, the pavement layers are neither fully bonded nor fully no-bonded. For computa-
tional analysis, the use of one or the other condition has an impact on the stress and strain dis-
tribution, and depending on the calculation method and design criteria, it may impact the thick-
ness of the layers.

In a conventional flexible pavement with granular base and subbase layers, or even the semi-
rigid pavements (stabilized soil layers or gravel treated with cement), the bonding conditions
between layers are so diverse that there is no guarantee of total bond. However, in pavement
constructions, the bonding between asphalt layers (mainly if they are placed almost
simultaneously) is facilitated by the compatibility between them. Numerically, the bonding con-
dition between asphalt layers (which in field is possible and should be encouraged) and no-
bond between the asphalt and granular layers and between the granular layers is accepted as a
good representation of the “ideal” situation of a pavement. Considering that the shear stress
from the loads are concentrated in the surface, it is important to ensure the bond between
asphalt layers.

This paper aims to analyze the impact of the bonding condition on the overlay design by
using the MeDiNa software. Simulations were performed in BackMeDiNa, MeDiNa and AEMC
software for three interface conditions: full-bond; full no-bond; and full-bond only between the
base and surface layers. In addition, the impact of interface conditions on the percentage of
cracked area was evaluated by using data from monitored sections.
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2. BACKGROUND

Inadequate bonding between the pavement layers can reduce the life of the road and affect its
performance. Slippage failures between layers (mainly the asphalt layers) have been heavily
studied due to poor bond conditions in pavements. The most common failures associated with
the poor bonding of the pavement are: slippage cracks and deformation on the surface layer.
Romanoschi and Metcalf (2001) observed that many of the failures related to the bonding con-
ditions were caused by the non-consideration of the horizontal stresses, since many programs
only considered the vertical stresses as critical.

According to Uzan et al. (1978) the stress distribution in the pavement is strongly influenced
by the interface condition between the layers. This occurs due to the layer placement method,
which is done in steps, enabling poor bonding conditions between the layers
(Hu and Walubita, 2010).

Romanoschi and Metcalf (2001) found that all parameters involved in the bonding conditions
between the surface asphalt layers are temperature-dependent. In practice, to reach the maxi-
mum bonding between layers, it is important to understand the factors of influence the inter-
face behavior, namely: aggregate size, type of compaction, asphalt content, stress conditions and
materials (Jaskula, 2014).

Some studies have tried to model the effect of the interface condition on the pavement struc-
ture. Torquato Silva et al. (2018) modeled the interface between surface and base layers by
using Mohr-Coulomb constitutive model, Goodmans’ Law and by using the Finite Element
method. Also, Scherer (2018) developed a test to determinate the bond between the surface
and graded gravel base layers based upon the interface shear. The author analyzed shear
strength and shear relaxation modulus, and found that the temperature, normal stress and type
of treatment applied affect the bond conditions.

Foncesa (2015) introduces several test that can be performed to evaluate the bond between
asphalt layers and the use of geosynthetics, emphasizing the rate of take coat with different
asphalt emulsions. The author using computational analysis concluded that the stress distribu-
tion and the structure behavior are adversely affected when there are decreases in the bond
rates between asphalt layers.

Torquato e Silva et al. (2019) proposed an alternative method for the consideration of
bonding between pavement layers. In their proposed model, they linearized the dependence on
the stress, which makes it possible to use more realistically in the pavement design. For such
consideration, it is necessary to input interface properties and temperature data.

Other studies have focused on the analysis of the bond condition in the pavement perfor-
mance. Santos et al. (2019) used the ABAQUS software and found that the interface condition
affects more fatigue performance than rutting and that in both distress, the consideration of
full-bond between layers led to the prediction of better structure performance.
Scherer et al. (2019) analyzed the influence of bonding between surface and base layers in
terms of fatigue damage and they concluded that when these layers are no-bonding the damage
was higher than when full-bond. As a result, the aforementioned studies found that the no-
bonding between the layers may require a thicker structure than that designed as layers full-
bond for the same traffic. These studies evaluated the bonding condition by using moduli from
tables or laboratory tests.

Tschegg et al. (1995) used an analogy between the bearing capacity of a beam, confirming
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that the deflections of the beam with well bond interfaces were nine times lower than ones with
no-bond. Bueno (2016) by using deflectometer tests and backcalculations process, compared
the results of backcalculated moduli for the full-bond and no-bond conditions between all layers
with the use of BakFAA software. The author noted that the backcalculated moduli from full-
bond structures were significantly lower than those obtained from the no-bond structures.

Lopes (2019) used the BackMeDiNa software and also observed the same trend of the in-
crease of the backcalculated moduli in the full no-bond conditions between the layers. The pave-
ment life was analyzed by using MeDiNa software and she found a design life decrease when in
the backcalculation process, the full-bond condition between layers was considered.

Mousa et al. (2016) evaluated the interface conditions based on FWD deflections measure-
ment. The authors used different bond levels and they found that the interface condition has an
important influence on the backcalculation accuracy, with the effect of condition more signifi-
cant for the base layer than for the asphalt layer.

There are also other studies that have focused on the bonding condition and non-destructive
evaluation, such as Metha (2007) which used deflectometer data to identify bonding failures
between surface and base layers, and Nguyen (2016) which used deflections data from Ger-
many, and found that it is more feasible to consider deflections out of the stress bulb to predict
the bonding conditions.

American and European pavement design software usually consider the layer as full-bonded.
Nevertheless, under realistic conditions this bonding assumption is unknown, ranging from
full-bond to no-bond, depending on the properties of the material and on the construction
quality (Kruntcheva et al., 2005).

However, it is always necessary to consider the calibration analyses in each software used.
Overall, the importance of stress-strain analyses must be considered as a numeric effect, which
the software developer established in order to decide the calculation process, but all the deci-
sions taken afterwards will be compared with the field data when calibrating the software.
Hence, this step is “intermediate”, and each set of hypotheses assumed will eventually yield a
different calibration.

This paper aims to analyze the effect of bonding condition between layers in the backcalcu-
lation process and its influence on the overlay design of flexible pavements, since the backcal-
culated moduli are used in the design calculations. Regarding the backcalculation, the designer’s
decision must be ahead of the process, inclusive to mark the moduli obtained for each layer.
The same deflectometer basin can be analyzed in several ways, for instance, fixing the module
of one layer and varying those of the other layers. Therefore, the user’s experience during the
backcalculation process is essential.

3. MATERIALS AND METHODS
3.1. Pavement Section

The field and laboratory investigations were developed on the flexible pavement of the ring road
of the Federal University of Juiz de Fora (UFJF, acronym in Portuguese). Its construction dates
back to the 1960s and since them, only one rehabilitation has been carried out, in 1991, with
an overlay of 4 cm.

Along 2,140m of section extension, 107 stations were mapped with 20m distance between
them (Figure 1). Nevertheless, since there were elements of traffic calming system, these were
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not included during the study, which resulted in 98 stations. It should be noted that the average
operating speed of the section is around 45 km /h.

The analyzed structure is composed of a pavement with one asphalt layer (made up of two
layers - considered as only one layer due the age of both) overlaid on a base, subbase, improved
subgrade and subgrade layers. The thickness, the type of material and the Poisson’s coefficients
(according to Balbo (20078 g A _ }r:“ .

= X \(\_{,‘:I.
-zl

Figure 1. Schematic representation of the UFJF Ring Road

Table 1 — Structure of the pavement

Layer  Material Type of Material Thickness (cm) v

01 Asphalt concrete - 8 0.30
02 Base Pink silty sand 10 0.35
03 Subbase Beige silty sand 20 0.35
04 Improved Subgrade  Brown clay 40 0.45
05 Subgrade Clay-silt orange with fine sand (micaceous) 0.45

3.2. Deflectometer Measurements

The FWD 8833 device from the Swedish manufacturer Konsult & Utveckling AB (KUAB) was
used for the deflectometer measurements by using nine geophones (Linear Variable Differential

Transformers - LVDTs). These LVDTs are placed in the center of load plate and at distances of
20 cm, 30 cm, 45 cm, 60 cm, 90 cm, 120 cm, 150 cm and 180 cm.

In Brazil, the measurements of failures cracking are carried out by sampling, and only a per-
centage of the pavement area is considered. In this paper, the surface condition measurement
was used for the qualification and quantification of the existing distress on the pavement.
This procedure (called Contiuous Computerized Visual Survey - LVCI) by using the Scanning
Method (Silva et al. 2018) is under standardization (DNIT/IPR). The International Roughness
Index (IRI) was calculated by using a device suspended on the bumper (with no contact with
the pavement surface) that uses the laser light wave method for the measurement data. The
device has five laser moduli installed on a bat attached to the front of the vehicle.

A borehole of 80x80 cm was drilled in the pavement of the UFJF Ring Road at the station 40
in order to collect materials to test and determine the layer thicknesses. The material samples
were tested in the laboratory of Fundagao Centro Tecnolégico of Juiz de Fora (FCT-JF) for the
characterization of the materials.
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3.3. Backcalculation

As a first step in the backcalculation process, the section was divided into homogeneous seg-
ments in order to extend the validity of structural and traffic data measured at a given point to
the length of a road section. The procedure was the one indicated by AASHTO (1993), which
makes use of accumulated differences and uses measured maximum deflections as parameter,
yielding eight homogenous segments. BackMeDiNa software was used to backcalculation the
98 deflection basins. The software calculates the difference between measured and calculated
deflections of each geophone, taken them into account in the calculation of the error, which is
obtained by the Root Mean Square (RMS). Afterwards, the moduli of homogeneous segments
were adopted as the average of the backcalculated moduli of their deflection basins.

BackMeDiNa software provides two interface conditions between the layers: full-bond,
which the layers are considered fully bonded, and full no-bond, which the layers have full slip
between them. For this paper; three interface conditions were studied in the backcalculation
process: full no-bond between all layers (C1); full-bond between all layers (C2); and full-bond
only between the surface and base layers (C3).

3.4. Overlay Design

The following step was to evaluate the effect of the bonding condition used in the backcalcula-
tion process on the overlay design. The mechanistic-empirical pavement design software called
“National Pavement Design Method (MeDiNa in the Portuguese acronym)” was used, which is
part of the same package of BackMeDiNa. The modular sets (backcalculated moduli of each seg-
ment) yield in different interface conditions between the layers were input into the design soft-
ware, whereby the same bonding conditions of the backcalculation were used. It should be
noted that in MeDiNa software the pre-existing surface layer and the new one (reinforcement)
are considered full no-bond and that condition cannot be altered.

However, it is necessary to point out that the criteria of the backcalculation and design pro-
cess must be equivalent, and therefore in the MeDiNa and BackMeDiNa, interface conditions
between layers different from those for which the software was calibrated (full no-bond) should
not be used. That may have an impact on the design overlay. The bonding criteria adopted were
chosen due to the fact that are in the favor of safety, since a complete bonding between the layers
may not occur during the placing, and mainly because they show higher compatibility in the
results of the pavement stress state.

In order to use MeDiNa software, the user must input some additional data of the pre-existing
asphalt layer, such as the cracked area and IRI. The asphalt mixture used as overlay was de-
signed by Superpave Method by using one binder usually utilized in the region (CAP 50/70).
The design was performed by Neumann (2018) in the Pavement Laboratory of UFJF with resil-
ient module of 5,963MPa and fatigue constants k1 and k2 equal to 7.4x10”-1 e k2 and -3.3104,
respectively (N= k1ek2).

Subsequently, the traffic data were input, such as: type of road, average daily traffic (VMD),
vehicle factor (FV), percentage of traffic in the project line, traffic growth rate and the design
period. The VMD value was determined for the analysis’s first year (2020) as 9,300 vehicles,
considering 83% passenger cars, 15% urban buses and 2% trucks, and an estimated 50% of
vehicles in the project line, leading to a number N (or ESAL) equal to 1,05x10”7 in the design
period (10 years).
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3.5. Mechanistic Prediction of Pavement Performance (Fatigue Damage)

Based on the results obtained in the computational simulations (backcalculated moduli), the
influence of interface condition between the layer on the fatigue damage for each condition was
evaluated. Since in the MeDiNa software the full-bond condition between the new and pre-ex-
isting asphalt layer is not available, three more interfaces conditions (C4, C5 and C6) were
evaluated by using a linear elastic analysis software (AEMC), where the bond between the

asphalt layers was considered. Table 2 summarizes the interface conditions, where NB
represents “no-bond” and FB represents “full bond” in relation the layer below.

Table 2 — Interface conditions of the analyzed structures

Condition Ne\{v asphalt layer Pre-existing Base Subbase Improved Subgrade Subgrade
(Reinforcement) asphalt layer
Cc1 NB* NB NB NB NB
Cc2 NB* FB FB FB FB
c3 NB* FB NB NB NB
c4 FB NB NB NB NB
C5 FB FB FB FB FB
C6 FB FB NB NB NB

*only in the MeDiNa software

The fatigue performance of the pavement can be expressed as a function of the permissible
stress (Nfad), which is equivalent to the number of cycles that a load can be applied until the
structure’s performance is compromised. The determination of N4 is carried out by experi-
mental fatigue models, which are the result of statistical analysis of laboratory tests, taking the
principal strain of tension into account (g;).

Using the expected traffic (N) for a design period and Ntaad it is possible to calculate the unit
damage (Du) and the average damage (Daverage) to the expected fatigue for the pavement over
time (Nascimento, 2015). MeDiNa software was developed by relating fatigue damage to the
cracked area using a transfer function. However, this function was considering different
bonding conditions from those analyzed in this paper, hence the decision to study the average
damage instead of only the cracked area in the software.

The unit damage is obtained by the relationship between N and Nfd by Miner’s Law.
For a given number of points distributed in the surface layer, the average damage to the pave-
ment can be obtained from the unit damage as a function of time. In order to determinate Nfad,
AEMC software was used (considering the bonding conditions of Table 2) to calculate the ten-
sion strains in a 110-point mesh in the asphalt layer as presented by Nascimento (2015),
adopting at first an overlay of 5 cm and then 10 cm. The Nrad is calculated by using the material
fatigue curve obtained from laboratory tests, expressed by the constants k1 and k2.
Equations 1 and 2 show the formulae of Du e Nfad.

Nfad =klX St_kz (1)
N
Dy, = Nrea (2)

In an update of the MeDiNa transfer function, Fritzen et al. (2019), considered the use of the
average damage (Dgyerqge)- Unlike the previous functions, the Dgyerqg. is calculated in a mesh of
20 points of the surface layer (10 on the surface and 10 on the bottom) and is obtained by
dividing an application of the standard load axle by the permissible number of load axle
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application, expressed by Equation 3.

Daverage = 352 (5—) 3)

Nfad

4. RESULTS
4.1. Backcalculated moduli (BACKMeDina)

The deflection basins of eight homogeneous segments were backcalculated until an error
(i.e. difference between the calculated and measured deflections) lower than 10 pm for the

three bonding conditions (C1, C2 and C3). Figure 2 shows the backcalculated moduli for the five
layers.
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Figure 2. Backcalculated moduli for the three interface conditions

As can be seen from Figure 2 the different interface conditions have yielded significantly dif-
ferent backcalculated moduli. Overall, the moduli of full-bond condition were lower than ones
of other conditions. The results were expected, since the consideration of the no-bond condition
between the layers leads to higher strains in the structures, resulting layers stiffer in the back-
calculation process in order to produce de same basin as a structure with bonded layers.

By comparing conditions C1 and C2, it can be seen that the moduli of the first one were sub-
stantially higher for all layers. The percentage differences between the moduli for those two
conditions of the base and improved subgrade layers were the highest (on average 50%).
The surface and base layers showed the lowest differences, with 35% reductions for the second
condition. For the subgrade, lower variations were noted (under 20%).
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In comparison with C1 and C3 conditions (where only the bonding condition between the
surface and base layers was changed), the variations of moduli were slight. For the surface, im-
proved subgrade and subgrade layers the differences in the backcalculated moduli were mini-
mal, under 15%. However, for the base and subbase layers, the differences were significant, over
30% percentage variation.

To be able to comprehend these differences, a consideration must be made of process of nu-
merical calculation versus the real condition of the interface between layers. Thus, the concept
of numerical neutral axis (NA) and the representation of the bonding condition between layers
are used in this paper. The difference in results can be explained by considering that if the sur-
face and layers are no-bonded, each layer works “independently”, with its own neutral axis, and
the bottom of surface layer (under the NA) will be subject to tension and the base layer only to
compression. In contrast, if the layers are bonded, they work “monolithical”, with only one neu-
tral axis. In this case, if the NA is laid in the surface, it is subject to compression and tension, but
the base layer is not capable of performing the tension (thus it not corresponding the numerical
consideration). If the NA is laid in the base layer, the asphalt and part of the base layers (up to
the neutral axis) will withstand compression and under the NA the tension, different from the
real situation.

4.2, Overlay’s Thickness and Expected Cracked Area - MeDiNa

In order to evaluate the impact of the bonding conditions assumed in the backcalculation pro-
cess on the overlay design, such modular sets of cases C1, C2 and C3 were inputted into MeDiNa
software and run with the same interface conditions. That analysis was performed to study the
influence of the adopted criteria of bonding condition on the overlay design. However, in the
real situations the interface condition assumed in MeDiNa software should be the same as the
one for which the program was calibrated. It is worth pointing out that if the AEMC and Back-
MeDiNa software the designer is able to change the interface condition between the layers for
his own sensitivity analysis, while in the MeDiNa software it is not allowed, since the transfer
function included in the program was set with the defined bonding conditions.

Table 3 and Figure 3 summarize the results of thickness and cracked area at the end of design
period for the conditions provided by MeDiNa when different backcalculated moduli are
inputted. This situation represents the same set of deflections, i.e. structural state.

Table 3 — Thickness and cracked area for different interface conditions

Segment Thickness (cm) Cracked area (%)
C1 c2 Cc3 C1l C2 Cc3

1 5.00 5.00 5.00 24.58 28.51 23.17
2 10.70 11.30 10.70 29.31 28.15 29.83
3 5.00 5.00 5.00 8.11 19.25 12.90
4 11.30 11.30 11.30 29.73 29.93 29.76
5 5.00 5.00 5.00 24.35 29.51 23.33
6 10.70 11.00 10.70 29.70 29.19 29.93
7 5.00 5.00 5.00 25.05 28.51 24.97
8 11.90 11.90 11.90 29.14 29.46 29.55

According to Table 3 and Fig. 3 the interface conditions between the layers have less effect
on the overlay design than on the backcalculation process. By comparing the conditions inter-
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face, in most segments the expected thicknesses were the same for the three conditions, sug-
gesting that there was a “compensation” between the moduli of the layers. This is more evident
in the percentage of cracked areas. It should be noted that the lowest overlay’s thickness
expected (5 cm) leads to a total asphalt layer thickness of 13 cm, which already defines a thick
surface for the Brazilian pavements.

For the segments in which there was variation in the overlay thickness, the second condition

(C2) led to higher thicknesses than conditions C1 and C3. It can be seen as a consequence of the
different that were observed, since the full-bond condition yielded lower moduli.

Overlay's Thickness Percentage of Cracked Area (10 years)
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30.
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Figure 3. Thickness and cracked area for different interface conditions

With regard to the percentage of cracked area (CA) at the design period, the CA for the full-
bond condition (C2) were higher for the structures with the same thicknesses. Similar to the
analysis of thicknesses, the reason is that the backcalculation process for the second condition
yielded lower modular sets. The variation in the bonding condition between surface and base
layers resulted in slight alterations in the CA, with similar values between them. However, the
segment 3 showed a significant change in the cracked area.

The results are according to other studies, such as Lopes (2019), who used the same soft-
ware, but only C1 and C3 conditions were studied. The author evaluated the pavement life anal-
ysis, i.e., the period which the pavement reached 30% of CA, and founded that in the no-bonding
condition the structure has a life-span in relation to the structures designed considering full
bond between the layers.

4.3. Fatigue Damage Expected
4.3.1. Overlay Thickness of 5 cm

Based on the backcalculated moduli for the different bonding conditions, those were inputted
into AEMC software in order to evaluate the fatigue damage over time, with the inclusion of the
bonding conditions of the new and pre-existing surface interface. Figure 4 shows the average
damage fatigue over time, where each curve depicts the behavior of the damage in the
structures with the interface conditions listed in Table 2.

According to Figure 4, the curves of all segments tend to exhibit an asymptotic behavior.
This type of evaluation of the fatigue damage over time indicates a sharp rise at the beginning
of the pavement life (around 5 and 10 months), proceeding with a lower rise rate until the de-
sign period. This sharp initial rise rate can be seen as the range of damage close to the limit in
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the first months. Nevertheless, that does not mean that the pavement is failed, and for such
evaluation it is necessary to investigate the cracking by calibrations obtained from the evalua-
tion of the sections. It should be pointed out that the aim of that paper is to highlight the
differences in interface conditions and that in the end, the numerical analysis alternatives
(mechanistic aspect) are completed with the calibration (empirical aspect), which includes the
“consequences” of the bonding conditions considered.

The curves in relation to the bonding conditions showed similar behavior. Among the six
interface conditions, the second one (C2) had the highest average damage for all segments.
In view of this, the consideration of full-bond between the layers in the backcalculation process
leads to a decrease in the useful life of the structure, as shown by the analyses of the cracked
area from MeDiNa. The curves of interface conditions C1 and C3 showed analogous behavior.
The two curves, depicted by the green and gray solid lines, tend to be the same pattern through-
out the design period, overlapping for most segments.
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Figure 4. Average fatigue damage over time for different interface conditions (Overlay — 5 cm)

The highest difference in behavior between the trend curves was the bonding conditions
between the pre-existing and new asphalt layers. For all these cases (C4, C5 and C6) there was
a significant life span when compared to conditions C1, C2 and C3. This differences can be
explained by the fact that for the bonding condition between the two asphalt layers, they work
“monolithical” with one sole neutral axis, varying the maximum strains in magnitude and posi-
tion. However, it is difficult to guarantee that the new asphalt layer (reinforcement) is totally
bonded to the cracked pre-existing layer and that it continues to have the same fatigue strength.
Therefore, the no-bond consideration in this case is justified.

In order to better understand the effect of different bonding conditions on the fatigue, the
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time required to reach the damage fatigue values of 0.80 and 0.90 and the average damage fa-
tigue were compared by using the curves of Figure 4 and Equation 3, respectively. Table 4 sum-
marizes the values found for these parameters for the six conditions.

It is observed from the Table 4 that for the majority of the segments the damage of 0.80 and
0.90 occur in the first months, which can be justified by the thickness of overlay (5 cm). In the
comparison between the segments, the segment 3 had a better behavior, which for almost all
the interface conditions the fatigue damage occurred after 120 months. On the other hand,
segments 4 and 6 reached the damage of 0.80 and 0.90 at low ages.

Table 4 — Time required to reach the damage fatigue values of 0.80 and 0.90 and average damage fatigue for different
bonding conditions (Overlay — 5 cm)

Condition Propertie Segl Seg2 Seg3 Segd Segb Segb Seg7 Seg8
D@80 (months) 135 4 >120 2 12 3 12 4

C1 D@90 (months) 81 11 >120 9 75 9 70 10.3
Daverage 1.5E-03 3.0E-03 5.7E-04 3.6E-03 1.5E-03 3.3E-03 1.6E-03 3.4E-03
D@80 (months) 7 2 78 1.5 4.5 2.5 5 2.2

C2 D@90 (months) 33 7 >120 6 24 6.5 21 8
Daverage 1.9E-03 4.2E-03 1.0E-03 4.4E-03 2.1E-03 4.1E-03 2.2E-03 3.9E-03
D@80 (months) 16 4.2 >120 3 17 3.5 12.2 2.8

c3 D@90 (months) 90 11.5 >120 9.5 100 10 74 9
Daverage 1.5E-03 3.0E-03 7.9E-04 3.3E-03 1.4E-03 3.2E-03 1.6E-03 3.6E-03
D@80 (months) >120 108 >120 42 >120 84 >120 >120

ca D@90 (months) >120 >120 >120 >120 >120 >120 >120 >120
Daverage 3.7E-05 7.2E-05 2.1E-05 8.9E-05 2.5E-05 7.1E-05 3.8E-05 1.2E-04
D@80 (months) >120 18 >120 15 120 21 >120 84

Cc5 D@90 (months) >120 >120 >120 >120 >120 >120 >120 >120
Daverage 3.4E-05 7.9E-05 2.5E-05 9.1E-05 2.7E-05 7.6E-05 3.6E-05 1.1E-04
D@80 (months) >120 111 >120 54 >120 3 >120 108

c6 D@90 (months) >120 >120 >120 >120 >120 9 >120 >120
Daverage 4.0E-05 7.4E-05 2.5E-05 8.7E-05 2.9E-05 3.3E-03 4.0E-05 1.1E-04

By analyzing the results regarding the bonding conditions, the cases C4, C5 and C6 (i.e. full-
bond between asphaltlayers) had an increase in its useful life span. When the full-bond between
the asphalt layers was considered, regardless of other interfaces, most segments, even the most
damaged (i.e. Segments 02, 04, 06 and 08) showed age over 120 months to reach the damage of
0.80 and 0.90. With regard to the percentage difference between the ages, the structures with
no-bond between the asphalt layers had a reduction of 66% in their useful life span.

With respect to the average damage, the structures in the three last conditions (C4, C5 and
C6) had also a significant increase in the final values in relation to the first three conditions (C1,
C2 and C3), with the damage varying in the order of 103 to 105, respectively. When comparing
the percentage variation, the full-bond consideration between the asphalt layers resulted in an
increase average damage of over 90%.

In the comparison between the first three conditions with each other and between the last
three with each other, the same trend can be noticed. The full-bond consideration (C2 and C5)
showed a decrease in the useful life, both for the time required to achieve de damage (28%) and
the average damage (19%) in relation to full no-bond conditions (C1 and C4).

Unlike the results shown in Figure 4 and Table 4, other studies, such as Scherer et al. (2019)
noted shorter useful life for structures with full no-bond between the interfaces. Nevertheless,
it should be noted that the study considered the resilient moduli as constants (using modeled
pavements) and varied the interface conditions, which represents only one aspect of the analy-
sis, but it does not mean that the study achieved the same deflection conditions, for instance. In
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this paper, different modular sets that result the same deflection basin were used, which ex-
plains the differences in the results for both cases.

Addressing more those differences between the studies, it can be noted that by considering
the same moduli and full-bond conditions, the pavement work as a monolithic structure and
therefore decreases strains and increases fatigue life. On the other hand, during the backcalcu-
lation process, the full no-bond consideration requires that the layers be stiffer so that they can
yield the same deflection basin as a structure with layer full-bonded. This modular compensa-
tion leads to stiffer structures and higher lifetime.

4.3.2. Overlay Thickness of 10 cm

In order to verify the effect of the overlay thickness on the bonding condition, the same fatigue
damage analyses were performed, but with a thicker overlay (10 cm). The average damage over
time for the six bonding conditions are presented in Figure 5.

It can be seen that just as it was for the previous conditions, the curve of structures presented
a asymptotic behavior. Overall, the fatigue damages were lower for thicker overlay as was
expected.

The curves of fatigue damage for the different bond conditions had more similar behavior to
each other. For the first three conditions (C1, C2 and C3) the solid lines overlap, demonstrating
that the changes in the interface conditions had minimal effect. For the dashed lines
(i.e. bonding conditions between asphalt layers) the conditions C4 and C6 presented a similar
behavior;, while the condition C5 had a shorter fatigue life over time, as well as it was for the
structures with overlay of 10 cm.

Table 5 — Time required to reach the average damage fatigue values of 0.80 and 0.90 and average damage fatigue for
different bonding conditions (Overlay — 5 cm)

Conditions Properties Segl Seg2 Seg3 Segd Seg5 Segb Seg7 Seg8
D@80 (months) 15 6 >120 45 17 6 135 5

c1 D@90 (months) >120 >120 >120 69 >120 >120 >120 >120
Daverage 1.5E-03 2.4E-03 7.5E-04 2.7E-03 1.3E-03 2.4E-03 1.5E-03 3.0E-03
D@80 (months) 13 45 27 4 14 4 11 5

c2 D@90 (months) >120 >120 >120 54 >120 >120 >120 >120
Daverage 1.5E-03 2.6E-03 1.0E-03 2.8E-03 1.4E-03 2.5E-03 1.6E-03 3.1E-03
D@80 (months) 15 6 45 45 17 6 13.5 5

c3 D@90 (months) >120 >120 >120 69 >120 >120 >120 >120
Daverage 1.5E-03 2.4E-03 9.3E-04 2.7E-03 1.3E-03 2.5E-03 1.6E-03 3.1E-03
D@80 (months) >120 >120 >120 >120 >120 >120 >120 >120

ca D@90 (months) >120 >120 >120 >120 >120 >120 >120 >120
Daverage 2.3E-05 4.4E-05 1.0E-05 6.8E-05 2.9E-05 5.5E-05 2.8E-05 4.5E-05
D@80 (months) >120 >120 >120 >120 >120 >120 >120 >120

c5 D@90 (months) >120 >120 >120 >120 >120 >120 >120 >120
Daverage 3.4E-05 1.1E-04 1.2E-05 1.2E-04 5.3E-05 1.1E-04 4.8E-05 4.9E-05
D@80 (months) >120 >120 >120 >120 >120 >120 >120 >120

c6 D@90 (months) >120 >120 >120 >120 >120 >120 >120 >120
Daverage 2.1E-05 4.0E-05 1.2E-05 5.0E-05 2.0E-05 4.8E-05 2.4E-05 5.0E-05

Table 5 shows the damage fatigue taken from the fatigue curves for the 0.80 and 0.90 of dam-
age and the average damage calculated by Equation 4. Based on the results, the most segments
for the six conditions exhibited damage of 0.80 and 0.90 over the design period (120 months),
which illustrates that the thickness of 10 cm meets most of the cases and supports the design
performed in MeDiNa. In the comparison between the interface conditions, the increases of
thickness of the overlay reduces the variations in useful life for the different bonding conditions.

The results of the different bonding conditions between the asphalt layers, as well as for the
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structures with overlay of 5 cm, the full-bond structures had higher useful life span. However,
in the percentage difference between the increases, a minor value was found, with a 43% in-
crease in useful life for conditions C4, C5 and C6 in relation conditions C1, C2 and C3. Regarding
to the average damage, there was a decrease of 98%, leading to a similar value to the other
structure.
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Figure 5. Average fatigue damage over time for different interface conditions (Overlay — 10 cm)

By comparing the full-bond and full no-bond conditions, the differences were lower.
The conditions C1 and C4 had a useful life variation of 7% in relation to the C2 and C5.
For the average damage, the behavior was similar to the previous analyses, i.e., the percentage
differences were about 22%.
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5. CONCLUSIONS

This paper aimed to analyze the bonding condition at the pavement layer interfaces during the
overlay design in flexible pavements. In the backcalculation process, the interface conditions
had a significant effect on the final moduli, mainly for the subbase and improved subgrade
layers, and a lower impact on the subgrade layer. Slight variations were observed when
considering the full-bond condition only between the surface and base layers, with outcomes
similar to the full no-bond structures. This is justified by the fact that in the backcalculation
method, several sets of moduli can be yield the same deflection basin.

In the design overlay by using MeDiNa software, the results for the bonding conditions stud-
ied showed lower differences than those from backcalculation process, due to the modular com-
pensation. Most segments had the same required thickness of overlay for the first three bonding
conditions, but with variations of cracked area (CA) over 20% on average, which may not be
negligible. However, it is worth noting that MeDiNa software should be used in the interface
conditions in which the program was not calibrated.

Nevertheless, in the analyses by using the average fatigue damage over time, higher effects
of the interface conditions were observed. As is customary in the backcalculation process, the
backcalculated moduli are considered constants. The outcomes of this case study indicated that
the consideration of the bonding condition between the pre-existing and new asphalt layers is
what produces the highest impact on the useful life of pavements, highlighting then the im-
portance of the take coat between the layers in order to better the bonding. In practice, if the
pre-existing layer is too cracked, it cannot withstand fatigue with the same performance of the
new asphalt mixture. This leads to the designer to evaluate the use of an anti-reflective cracking
interlayer or even recycling the old asphalt layer.

From the data of fatigue damage, the full-bond consideration between the layers may lead to
a lower fatigue life compared to the full no-bond structures with the presence of overlay.
Sometimes, the curves of fatigue for intermediate conditions between full-bond and full no-
bond overlapping in some segments, but in others they were significant different. It should
again be pointed out that the interface conditions other than which MeDiNa was calibrated
should not be used.

By comparing the thickness of overlay, structures with thicker overlays (10 cm) showed less
sensibility (i.e. percentage differences between useful life) to change of interface conditions
than ones with thinner overlays (5 cm). Such result illustrates that thinner asphalt mixtures are
less impacted by bonding conditions.

The designer can judge the study of interface condition during the overlay design of flexible
pavements, considering the pavement age and the cracked area of the pre-existing asphalt layer.
Besides that, by using BackMeDiNa software it is possible to range the interface conditions be-
tween the layer in order to analyze the actual condition of pavement and then choose the best
treatment. Nevertheless, the interface conditions in MeDiNa should be obeyed, i.e., during the
backcalculation process the interface conditions should not be different from those in which the
calibration functions of the design software were calibrated.
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