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ABSTRACT

Several non-destructive testing (NTD) methods have been used to measure surface deflection,
which makes to determine the elastic moduli of pavement layers through the back-calculation
process and assess the structural capacity of asphalt pavements. In this study was evaluated
the back-calculated moduli of the cobblestone interlayer pavements and the load capacity
of this type of pavement related to the fatigue cracking criterion based on a mechanistic-
empirical analysis. The employed methodology included the performance of on-site trials
using non-destructive testing with the Falling Weight Deflectometer (FWD) devices on 84
test points in granular and cobblestone interlayer pavements, determination of deflection
basin parameters (DBP), back-calculation layers’ moduli, and estimate of the fatigue cracking
performance of the pavements by mechanistic-empirical analyses in MeDiNa software.
The pavements with a cobblestone base layer displayed greater deflection measurements
on the load application point compared to those measured on pavements with a granular
base layer, indicating that conventional pavement displayed more stiffness. Cobblestone
interlayer pavement displayed greater amounts of cracked area compared to granular base
layer pavements showing lower load capacity based on the fatigue criterion. The DBP-based
method by FWD test was able to identify the structural differences between the layers of
pavements evaluated and identify the cracking evolution.

RESUMO

Varios métodos de ensaios ndo destrutivos (END) tém sido utilizados para medir a deflexdo
superficial, o que permite determinar os médulos eldsticos das camadas do pavimento através
do processo de retroanalise e avaliar a capacidade estrutural dos pavimentos asfalticos.
Neste estudo, foram avaliados os mdédulos retroanalisados de pavimentos intercalados de
paralelepipedos e a capacidade de carga deste tipo de pavimento relacionada ao critério
de fissuragdo por fadiga com base em uma andlise mecanistica-empirica. A metodologia
empregada incluiu a realizagdo de ensaios in situ utilizando END com equipamento Falling
Weight Deflectometer (FWD) em 84 pontos de ensaio em pavimentos construidos tanto em
base granular como em paralelepipedos, determinagdo de parametros de bacia de deflexdo
(DBP), retroanalise dos mddulos das camadas e estimativa de desempenho por fissuragdo por
fadiga por meio de andlises mecanistica-empiricas no software MeDiNa. Os pavimentos com
camada de base de paralelepipedos apresentaram maiores medidas de deflexdo no ponto de
aplicacdo da carga em comparagdo com aquelas medidas em pavimentos com camada de base
granular, indicando que este tipo de pavimento apresentou maior rigidez. Pavimentos com
base em paralelepipedo apresentaram maior quantidade de area fissurada em comparagdo
ao pavimento com base granular, apresentando menor capacidade de carga no tocante ao
critério de fadiga. Foi evidenciado que o método baseado em DBP determinados pelas bacias
medidas pelo teste FWD foi capaz de identificar as diferencas estruturais entre as camadas dos
pavimentos avaliados, bem como a identificagdo da evolugdo de suas fissuragoes.
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1. INTRODUCTION

In recent years most cobblestone pavements in urban areas have been replaced or converted into
traditional flexible pavement, covered with overlaid concrete asphalt mixtures (Garilli et al., 2020).
This type of pavement relies on the stress state of the unbound stone interlayer to withstand the
traffic loads, which typically affects a relatively larger pavement area (Autelitano et al., 2020).

The performances of pavements are greatly affected by the heterogeneity of material and structure
composition, and their mechanical responses vary greatly under different load conditions. So, the
pavement structural evaluation is of great importance to design, construction and management
(Jiang et al., 2020).

By analyzing the structural capacity of pavements, agencies can track their behavior over
time and consequently define optimal intervention times to maximize performance. Structural
information also allows the optimization of design construction processes through increased
knowledge of pavement deterioration trends (Camacho-Garita et al.,, 2019). Pavement structural
evaluation consists of calculating its load capacity. It is obtained based on various parameters,
such as deflection, which makes to determine the elastic moduli of pavement layers through the
back-calculation process (Mabrouk et al., 2020).

The back-calculated layer moduli are then used to compute the pavement response under
vehicle loading and evaluate the pavement performance. The process of back-calculation searches
for the solution of the inverse problem obtained by calculating the deflected shape of a pavement
structure, as a function of the thickness of the pavement layers, the moduli of individual layers
and the magnitude of the load (Scimemi et al., 2016).

Several non-destructive testing (NTD) methods have been used to measure surface deflection
and assess the structural capacity of asphalt pavements, such as the light weight deflectometer,
benkelman beam, heavy weight deflectometer and falling weight deflectometer. The falling
weight deflectometer (FWD) is one of the most useful and popular techniques used to evaluate
the pavement structural capacity among all NDT methods (Kheradmandi and Modarres, 2018).
FWD is an impulse loading device whereby the transient load is applied to the pavement, and
the surface’s deflection shape is measured (Singh et al., 2020). Due to several advantages, such
as the short testing duration, the application of different load levels with high accuracy and low
dispersion in measured deflections (Pais et al., 2020), FWD devices are currently used to obtain
the elastic moduli of each pavement layer by analyzing pavement surface deflections, based on
back-calculation (Sangghaleh et al. 2014).

During the mechanistic-empirical (M-E) pavement design and analysis process, the mechanical
responses of a pavement layer, such as stress, strain, and deflection, are important indexes to
characterize the loading state of pavement, which are often used to evaluate the ability to resist
cracks, deformation, and other pavement diseases (Qian et al., 2021). Mechanistic-Empirical
Pavement Design utilizes the theory of elastic analysis to calculate strains at critical locations that
may result in the failure of the pavement structure (El-Ashwah et al., 2021).

Fatigue cracking (FC) is one of the most critical types of failure in flexible pavements subjected
to repeated applied wheel loads. Applied vehicular load induces micro-cracks as each application
eventually causes macro-cracks and failure (Gong et al., 2017). In the M-E pavement design, the FC,
represented in percent of lane area, is associated with the critical mechanical responses through
an empirical mathematical model called the Transfer Function (FT) (Gong et al.,, 2017). The TF
correlates the critical mechanistic responses, such as the stress and strain to observable field
performance through an empirical statistical equation (AASHTO, 2015).
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Previous studies have proposed to use advance laboratory testing (Oteki et al., 2024; Zhang
et al, 2023; Yang et al,, 2023; Ishaq and Giustozzi, 2021) and numerical modeling (Wang and
An, 2024; Zhao and Wang, 2021; Norouzi et al.,, 2022) to evaluate fatigue life models of asphalt
mixtures and calculate critical pavement responses responsible for fatigue cracking of asphalt
pavements. However, the fatigue cracking behavior of pavements subjected to an impact of dynamic
loads deflectometer for effective performance and life prediction has not been considered in the
framework of M-E pavement design and analysis.

In this context, there have been few studies on the effectiveness of utilizing FWD to evaluate
the structural conditions of stone interlayer pavements. Titi et al. (2003) investigated the long-
term performance of the stone interlayer pavement subjected to an accelerated loading system.
The results showed that the stone interlayer pavement design experienced less cracking density
compared to the conventional design after 10.2 years of service. Chen et al. (2014) studied the field
performance of a test section of stone interlayer pavement and cement-stabilized base test control
section on LA-97 in Acadia Parish, Louisiana. After about 20 years of service, the stone interlayer
had a cracking density of 34.7%, while the control section had a cracking density of 56.3%. Also, the
cracking severity levels of the control section were higher than those of the stone interlayer section.
However, no study evaluates the structural conditions of stone interlayers in urban pavements.

The objective of this study is to evaluate the elastic moduli of the cobblestone interlayer
pavements, back-calculated from FWD trial, and estimate the traffic loading capability of this
type of pavement subjected to the fatigue cracking criterion using mechanistic-empirical (ME)
analyses. It is important to investigate the fatigue cracking behavior of cobblestones interlayer
pavements when subjected to an impact load of an FWD deflectometer for effective performance
and life prediction. For the flexible pavement with cobblestone base layer, the comprehensive
performance evaluation of the in-service pavement must include structural performance, not only
concrete asphalt layer but also base layer.

2. FATIGUE CRACKING PREDICTION

Over the years, many researchers have attempted to study fatigue characteristics and develop mathematical
models to predict asphalt mixture fatigue life. There are two main approaches to characterizing material
fatigue behavior in the laboratory: mechanistic and phenomenological approaches.

The mechanistic approach accounts for how the damage evolves throughout the fatigue life
at different loads and environmental conditions, leading to a better estimation of the fatigue
behavior of asphalt mixtures (Klug et al.,, 2022). In this approach, the Viscoelastic Continuum
Damage (VECD) theory for the fatigue prediction model has been applied as a modern method to
estimate the mechanical behavior of asphalt mixtures (Underwood et al., 2012; Sabouri and Kim,
2014; Cao et al,, 2018; Wang et al., 2020).

The phenomenological models relate the stress or strain in the specimen to the number of failure
cycles (Babadopulos et al., 2015; Saboo et al., 2016; Delgadillo and Monsalve, 2021; Wang et al.,
2018). These strains are then related to pavement life using various fatigue equations as transfer
functions (TF) according to the mechanistic-empirical pavement design method. Those functions
translate into how the laboratory test “accelerates” the fatigue phenomenon related to field
performance. They estimate the service life of a proposed pavement structure using the results
from Wholer curves and pavement elastic analysis (Babadopulos et al., 2015). The prediction
precision of the empirical models depends heavily on the design parameters’ hierarchical input
levels and the transfer functions’ calibration.
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Brazil developed its method for a mechanistic-empirical asphalt pavement design for this purpose
based on a national pavement material database and the performance of test sections monitored
throughout the country. The “Método de Dimensionamento Nacional” (MeDiNa) addresses the
mechanistic-empirical methodology for designing the implementation and rehabilitation analyses
of pavements.

In the MeDiNa software, a Transfer Function (TF) receives data on the average damage and reduced
average damage arising from structural analysis and other adopted premises and informs the percentage
of the cracked area (CA%) for that situation of estimated average damage (Franco, 2007). The current
TF was calibrated by the research studies performed by Fritzen et al. (2019). This study utilizes the
MeDiNa software to perform the evaluated pavements’ empirical mechanistic analyses.

2.1. Fatigue damage

The MeDiNa manual points out that the software uses the calculated stress state at ten points on
the top of asphalt concrete layer, in 3.65 cm spaced intervals, and at ten points on the bottom of
the asphalt concrete layer. Hence, fatigue damage is determined in each of these twenty points to
calculate the average. Based on that average, the program calculates the cracked area using the
transfer function as defined by Fritzen et al. (2019).

The fatigue curve adopted in MeDiNa is obtained by the diametral compression tests. As indicated
in the MeDiNa Manual, the software only allows cycle number to failure (N fa ) relationships with
the resilient strain deformation (¢,), as stated in Equation 1, where k, and k, are factors related
to the quality of the materials.

Nfad =k1€tk2 (1)

where: Nfad = number of cycles; &, = specific resilient strain deformation; k, and k, = fatigue curve
parameters.

3. RESEARCH METHODOLOGY

The employed methodology included the performance of on-site trials using the FWD devices on 84 test
points, determination of deflection basin parameters (DBP), back-calculation layers’ moduli, and the
estimate of the fatigue cracking performance of the pavements using mechanistic-empirical analyses.
The performance of the cobblestone interlayer pavement was compared to the conventional pavement
designed with well-compacted granular base and subbase layers. The DBP were used to evaluate the
individual structural conditions of each layer of the conventional and cobblestone interlayer pavements.

3.1. Characterization of the evaluated pavements

Thirteen urban pavement segments were selected in the municipality of Balneario Camborit, Santa
Catarina, Brazil. Ten of the thirteen analyzed segments refer to urban roads where asphalt concrete
layer was applied over a granite cobblestones layer, and three urban roads refer to conventional
pavement designed with asphalt concrete layer over unbound granular base and subbase layers.
These last three segments were selected to compare the obtained results between the two types
of pavements (cobblestone interlayer and conventional). Table 1 displays the street names, the
type of material of base layer, the year of their construction, the length of each segment, and the
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number of test points measured by FWD device. For segments shorter than 100.00 meters, three
test points were considered, with one being the central point of the segment and the other two
equidistant from this point. For segments longer than 100.00 meters, test points were considered
every 50.00 meters of track.

Table 1: Characterization of the analyzed pavement segments.

Number of test

Segment Base Layer Type  Year Paved Length (m) points (FWD)

1 Cobblestone 2018 042.00 3
2 Cobblestone 2020 167.50 4
3 Cobblestone 2017 200.50 4
4 Cobblestone 2020 180.00 4
5 Cobblestone 2020 270.00 6
6 Cobblestone 2020 330.00 7
7 Cobblestone 2020 335.00 7
8 Cobblestone 2020 366.50 7
9 Cobblestone 2020 323.50 6
10 Cobblestone 2020 235.00 4
11 Granular 2018 525.00 10
12 Granular 2019/2020 530.00 11
13 Granular 2019/2020 572.50 11
Total 4077.50 84

All the analyzed stone interlayer pavements had the same cross-section represented in Figure 1a,
as follows: 7-cm thickness asphalt concrete (AC) on surface layer, 15-cm thickness granite
cobblestones in base layer, 20-cm thickness sand bedding in subbase layer and gravel mixture
constituted the subgrade layer. The shape of cobblestone elements is cubic with thickness of
15-cm. Natural sand was used as the jointing material. This pavement type is denoted herein as
a cobblestone interlayer pavement.

Conventional pavements were constructed with base and subbase layers made of unbound
granular materials. The cross-section of this pavement and the materials adopted in this project
can be viewed in Figure 1b, as follows: 8-cm thickness asphalt concrete (AC) on surface layer,
15-cm thickness graded stone aggregate in base layer, 20-cm thickness crushed limestone in
subbase layer and gravel mixture constituted the subgrade layer.

7em / ASPHALT (‘()N(fR‘I{['}i 7
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GRAVEL MIXTURE GRAVEL MIXTURE
(a) (b)

Figure 1. (a) Stone interlayer pavement profile; (b) Conventional pavement profile.
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3.2. Performing deflectometric measurements using FWD device

KUAB 50 equipment (a Swedish brand) was equipped with a 30 cm diameter transfer plate for
loading and seven deflection reading geophones positioned at distances of 0, 20, 30, 45, 60, 90,
and 120 cm from the load center applied to the pavement. The FWD test was performed at an
atmospheric temperature ranging from 17 °C to 27 °C and a pavement temperature from 25 °C
to 34 °C. The temperature of the pavement surface and atmospheric were obtained using a
meter of the equipment itself. The trials complied with the DNER-PRO 273 (1996), with a load
applied to the pavement at approximately 40kN, and were carried outin March 2021. Figure 2a
demonstrates the FWD device used in this study and Figure 2b demostrates the positioning of
the geophones.

(a) (b)

Figure 2. (a) FWD KUAB device; (b) the positioning of the geophones.

3.3. Deflection basin parameters (DBP)

The DBP are powerful tools for a comprehensive analysis of the FWD data. In general, the DBP’
values are obtained to facilitate structural analysis, and to provide a better understanding of the
pavement behavior (Andrade et al.,, 2024). The DBP were calculated to evaluate the individual
structural conditions of pavement layers; they are as follows: curvature radius (R), Superficial
Curvature Index (SCI - this is the parameter that characterizes the structural behavior of the
upper pavement layers, as they display greater sensitivity to temperature variation as the asphalt
concrete displays thermosusceptible behavior), the Base Damage Index (BDI - an indicator of the
structural condition of base and subbase layers) and the Base Curvature Index (BCI - an indicator
of the subgrade structural condition).

Horak’s method (Horak, 2008) was used in this study, which studied the effectiveness of deflection
basin parameters in evaluating the structural condition of in-service pavements in South Africa.
The basin parameters presented by Horak (2008) are more severe when compared to the study
of Souza Jr. (2018) and Rocha (2020). Table 2 lists different DBP and corresponding threshold
values as used by Horak (2008) in South Africa.
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Table 2: Different DBP and corresponding threshold values.

Performance

Indicator D,(0.01 mm) R(m) SCI(0.01 mm) BDI (0,01 mm) BCI (0.01 mm)
Sound <50 >100 <20 <10 <5
Warning 50-75 50-100 20-40 10-20 5-10
Severe >75 <50 >40 >20 >10

The mathematical expressions stated in Equations 2, 3, 4, and 5 were used to calculate these
DBP. To obtain the curvature radius is necessary for interpolating the measured deflectometric
values from point D, to point D, to obtain the deflection value D, .

"5y B) @
SCI =Dy — D, (3)
BDI =Dgy — Ds (4)
BCI =Dy - Dgg (5)

where: D : the deflection point from the applied load [x10* mm]; and D;: the deflection from i cm
load application point [x10? mm].

3.4. Back-calculation

Back-calculation was performed by the BackMeDiNa software, version 1.2.0, which makes it possible
to back-calculate moduli of the pavement layers based on the deflectometric basins obtained from
the field by performing the FWD test. A total of eighty-four back-calculations were performed.

The following data were imported into the BackMeDiNa software: deflections, atmospheric
and asphalt pavement temperatures and applied load. Subsequently, the materials and pavement
layer thicknesses were informed. Poisson’s ratios were determined according to the values pre-
established by BackMeDiNa: 0.30 for the asphalt layers, 0.40 for the granular layers and 0.45 for
the subgrade layer.

The initial values for the elastic moduli were stipulated, and the non-bonding interface condition
between the layers was informed, considering the predefined conditions indicated in the MeDiNa
method user’s manual. The same initial values were used for the moduli as considered by Nery
and Santos (2021), as 4000 MPa for the asphalt concrete layer, 300 MPa for the base layer (for
unbound granular materials as well as for the stone), 200 MPa for the subbase layer, and 100 MPa
for the subgrade layer.

3.5. Fatigue cracking prediction

The MeDiNa software was used (version v.1.1.5.0 - December/2020) to perform the mechanistic-
empirical evaluation to estimate the performance of pavements analyzed by the fatigue rupture
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criterion. The software considers 30% of the cracked area as the rupture criterion of the pavement
over the project period, wich was considered as 10 years. In this analysis, the average back-
calculated moduli for each layer of the evaluated pavement were used.

The cracking percentage was verified in the 13 segments considering five hypothetical classes
of traffic, considering the N,, ... number equal to 10° (light traffic), 5x10° (medium traffic),
2x10°¢ (heavier traffic), 2x107(heavy traffic), and 5x107(very heavy traffic) for the equivalent
standard axle load (80 kN), practiced in the IP-02 (2004) of the Sao Paulo City Hall, which classifies
urban roads that will be designed, based on their expected traffic. Hence, it was possible to verify
the traffic loading (N number) that the analyzed pavement can bear until it reaches its failure.

The fatigue curve for class 1 asphalt concrete mixture was used in this study, according pre-
established asphalt mixtures in the software (Franco and Motta, 2018). Class 1 serves the project
traffic’s up to 6x10° and the asphalt mixture moduli of 5,764 MPa. Equation 1 fatigue curve

parameters are equal to: &, =5,496.10™"" and k, =—3,253.

4. RESULTS AND DISCUSSIONS

4.1. Deflectometric evaluation

The thirteen analyzed segments were confirmed to be free of superficial cracking when examined
by visual inspection during the FWD tests. Based on the graphic boxplot displayed in Figure 3,
the descriptive statistic of the deflection measured at the point of load application (DO) can be
analyzed for each evaluated segment. No outliers were found for the deflection measurements
analyzed. Segments 1 to 10 refer to the stone interlayer pavements, and segments 11 to 13 refer
to the conventional pavements.

160

3 100 M
. 80 @—t E =
40 l’i’&jl ET# g m

Segl Seg2 Seg3 Seg4 Seg5 Segb Seg7 Seg8 Seg9 SeglO Segll Segl2 Segl3
Testing segments

1
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{ Ix

Deflections (0.
D
1S

Figure 3. Descriptive statistic on deflection measurements at the load application point (DO) in each tested segment.

Analyzing Figure 3, the overall average of the deflection measurements in the segments with the
cobblestone base layer was 67.2 (x107?2 mm), as the minimum value was equal to 38.76 (x1072 mm)
in segment 5, and the maximum value was equal to 90.92 (x1072 mm) in segment 2. In the
segments with the granular base layer, the overall average of the deflection measurements was
44.3 (x1072 mm), as the minimum value was equal to 41.94 (x10? mm) in segment 11 and the
maximum value was equal to 45.12 (x10-2mm) in segment 10. This is indicating that the conventional
pavement displayed more stiffness. In the studies by Chen et al. (2014, 2018), pavements with
a stone base layer also presented greater deflection value measurements by the FWD device at
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the load application point when compared with the measurements of deflection in the unbound
granular base layer.

The average standard deviation of the measured deflections in the cobblestone interlayer
pavements was 23.66 (x1072 mm), with a minimum value of 6.36 (x10? mm) in segment 1 and a
maximum value of 30.76 (x102 mm) in segment 7. In the conventional pavements, the standard
measured deviation was 7.51 (x10~* mm), with the minimum value as 4.23 (x1072 mm) in segment
13 and the maximum value as 10.51 (x10-2 mm) in segment 11.

The average coefficient of variation (CV) for the cobblestone interlayer pavements was 35.23%,
as the minimum value was equal to 8.08% in segment 1 and the maximum value was equal to
37.96% in segment 7. In the conventional pavements, the average CV was 16.97%, as the minimum
value was 9.36% in segment 13 and the maximum value was 22.89% in segment 11. The Project
Guideline IP-DE-P00/003 (DER, 2006) defines that the variation coefficients must be less than
30% to categorize a segment as homogeneous. The FWD trial achieved CV results of over 30% in
three of the thirteen analyzed segments (segments 4, 5, and 7).

4.2. Deflection basin parameters (DBP)

Figure 4 displays the calculated average values of deflection basin parameters for each segment.
All the curvature radius (R) values were about 100 meters or more, indicating good structural
quality of the pavement. Most of the cobblestone interlayer pavements extrapolated the reference
value of the SCI (Surface Curvature Index), indicating that the asphalt concrete layer is less resistant,
and hence, it is more deformable.
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Figure 4. Deflection basin parameters. The green arrow represent limit values according to Horak (2008).

[t is possible to confirm the parameters obtained from the conventional pavements were more
homogenous and closer to the reference values than those related to stone interlayer pavements,
as displayed in Figure 4. That can be justified due to employing technological control in the
preparation of projects and the execution of conventional pavements, which does not apply to
pavements made from stone interlayer pavements.
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4.3. Comparison between back-calculated elastic moduli

The graph in Figure 5 displays the back-calculated elastic moduli for each of the 13 tested segments.
The average back-calculated moduli of the asphalt concrete layer, in all the segments, were higher
than the moduli of the other layers. In segments 1, 3, 6, 8, and 9, the subbase layer moduli of the
cooblestone interlayer pavement were higher than the base layer moduli. In the three segments
with granular base layers, the subbase layer moduli were higher than the base layer moduli.
The subgrade layer achieved lower back-calculated moduli, except for segment 04.

7000
6000
5000
4000
3000
2000

Back-calculated Moduli (MPa)

1000 A

0 = . S T A e —— ]

) 5D o oD ) ) 5D ) ) -
] Q ] ] Q O ] Q Q on o on o0
n %) %) %5) %) %) %) %) n o ) © o
%) %] %] %)

Testing Stations
e=@== Asphalt concrete =~ ==®==Base Sub-base Subgrade

Figure 5. Back-calculated moduli for each layer of the tested segments.

Figure 6a to 6d display the box plot graphs where the descriptive statistics of the back-calculated
elastic moduli values can be analyzed for the asphalt concrete layer, base layer, subbase layer;, and
subgrade, respectively, for the two tested pavement structures (cobblestone interlayer pavement
and conventional pavement).

Analyzing the graph of Figure 6a confirms that the asphalt concrete layer of the cobblestone
interlayer pavements presented an average moduli of 4740.15 MPa (with a standard deviation
equal to 2691 MPa) and the conventional pavements displayed an average moduli equal to
3487.50 MPa (with a standard deviation equal to 1476 MPa). However, the conventional pavement
was expected to present higher moduli values due to lower deflection values when tested with the
FWD. It also presented lower values of SCI (indicating the better structural performance of the
asphalt concrete layer). The variation of coefficient for the cobblestone interlayer pavements was
57%, while it was 42% for conventional pavements, with a minimum value equal to 2010 MPa and
amaximum equal to 8804 MPa. This denotes the bigger homogeneity of back-calculated moduli of
the asphalt concrete layer of the conventional pavement. Chen etal. (2014), when they performed
the structural evaluation on stone interlayer pavement in Louisiana-USA, they also found higher
values of moduli for the asphalt concrete layer in this type of pavement compared to those of
control pavement made from a stabilized soil-cement base layer. The authors obtained that the
average moduli value of the asphalt concrete layer was equal to 5088 MPa for stone interlayer
pavement, a value similar to the value obtained in this study.

Figure 6b confirms the cobblestone base layer presented an average moduli of 436 MPa (with a
standard deviation equal to 709 MPa and CV equal to 163%) and a granular base layer presented an
average moduli equal to 512.78 MPa (with a standard deviation equal to 394 MPa and CV equal to
77%).Chen etal. (2014) obtained an average value of the stone base layer back-calculated moduli
equal to 305 MPa when testing the stone interlayer of highway LA-97 in Louisiana-USA. These
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authors also tested seven other roadways in Louisiana built with stone base layers. The average
values found in the back-calculated moduli for these layers varied from 297 MPa to 619 MPa.

One can confirm that the BDI values on the graph in Figure 4 extrapolated the limit value in the
segments with cobblestone base layer. The segments with granular base layer achieved better
performance in dissipating tensions and deformation for the lower layers (presented lower values
of BDI when compared with the limit value).

— 14000 4500
] b = 4000
2 12000 ]
= 10000 s P00
%= . = 3000
& 8000 2 ;«? 2500
% € 6000 B £ 2000 -
I 4000 X g 0o
] X = 1000
& 2000 = L g
=8 500 é
0 \ ‘ 0 — ‘ ‘
AC - Stone AC - Coventional Base - Stone  Base - Conventional
Interlayer Pavement Interlayer pavement
(a) (b)
= 4500 = 600 -
g 4000 § 500
§ 3500 =
= 3000 T g ~ 400
2 F 2500 £ -
< A =&
== 2000 s = 300 L
s 1500 % s 200 % i
M 1000 % 100 |
3 500 . E L
0 0 \
Subbase - Stone Subbase - Subgrade - Stone Subgrade -
Interlayer Conventional Interlayer Conventional
pavement pavement
(c) (d)

Figure 6. Descriptive statistics of the back-calculated moduli values for: (a) the asphalt concrete layer; (b) base layer; (c)
subbase layer; (d) subgrade.

By looking at the moduli values of the pavement subbase layer presented in Figure 6¢, the bigger
stiffness was verified in the conventional pavements (1284.65 MPa) compared to the cobblestone
interlayer pavements (643.46 MPa). One explanation for decreased stiffness of the subbase layer
in the cobblestone pavement interlayer is that it is made from sand bedding. In contrast, the
conventional pavement is made from a well-compacted granular material.

As show in Figure 6d, the average value of the subgrade layer moduli was less than 159.42 MPa
while the average value of the same layer of conventional pavement was 223.53 MPa. Chen et al.
(2014) achieved the back-calculated average moduli of the subgrade layer from the cobblestone
interlayer pavement equal to 184 MPa.

The BCI parameter values of the subgrade layer of conventional pavements are more homogenous
and lower than the values of subgrade layer of cobblestone interlayer pavements, as shown in
graph 4. The lower BCI values indicate an improved structural condition of the subgrade layer.
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In the conventional pavements of this study, the base and subbase layers are made from granular
materials from larger moduli, playing an essential role in distributing tensions in the structure of
the pavement and relieving the pressure of applied vehicle loads in the subgrade layer.

4.4. Fatigue craking prediction

The mechanistic-empirical analysis to predict the fatigue cracking in the 13 segments was
performed employing the back-calculated moduli averages for each layer of that tested segments.
Cracked area (CA) results for each tested segment and the N to achieve 30% of the cracked
area for each tested segment are presented in Table 3.

AASHTO

Table 3: Cracked area results for each tested segment and N to achieve 30% of the cracked area.

AASHTO

segments CA%)  CA(%) CA (%) CA (%) CA (%)
N=10° N=5x10° N =2x10° N=2x10" N=5x107  AsHTO

Seg. 1 2.40 6.00 26.90 99.00 99.00 2.15E+06
Seg. 2 2.40 5.70 24.50 99.00 99.00 2.30E+06
Seg. 3 2.10 4.50 15.40 99.00 99.00 3.25E+06
Seg. 4 2.30 5.40 22.30 99.00 99.00 2.45E+06
Seg. 5 1.40 2.60 5.70 85.80 99.00 9.30E+06
Seg. 6 2.10 4.50 15.40 99.00 99.00 3.25E+06
Seg. 7 2.00 4.30 14.20 99.00 99.00 3.45E+06
Seg. 8 2.20 5.00 19.10 99.00 99.00 2.75E+06
Seg. 9 1.50 3.00 7.20 99.00 99.00 6.79E+06
Seg. 10 2.20 5.10 19.90 99.00 99.00 2.66E+06
Seg. 11 1.80 3.70 10.60 99.00 99.00 4.50E+06
Seg. 12 1.80 3.60 10.00 99.00 99.00 4.75E+06
Seg. 13 1.70 3.60 9.80 99.00 99.00 4.87E+06

All the tested pavements confirmed fatigue craking rupture when “heavy” and “very heavy”
traffic was considered, yet in all the other (“light,” “average,” and “medium heavy”) traffic; all the
segments achieved cracked area percentages lower than 30% at the end of the 10-year project
period. One can also confirm that conventional pavements present lower values of cracked area
when compared to cobblestone interlayer pavements in “light,” “medium,” or “medium heavy” traffic
loading. Analyzing the traffic loading by N, ..., it was confirmed that conventional pavements
supported higher values until rupturing, followed by segments 9 and 5 made from cobblestone
base layer. One can notice that the segments 9 and 5 achieved lower values in the BDI, BCI, and SCI
parameters. Thus, indicating good structural conditions. Rahman and Vargas-Nordcbeck (2021)
assessed the structural performance of pavements treated with thin asphalt concrete overlay as
a conservation technique. To accomplish this purpose, FWD and field performance data from six
full-scale thin asphalt concrete overlay test sections and a control section with high cracking were
collected and analyzed over a period of nearly 8 years. The results indicated that the sections with
lower DBI and BCI values presented lower cracking. The authors confirmed that the cracking field
measurements presented a good correlation with these parameters, indicating that the sections
with higher BDI and BCI values presented more cracking than the other sections.
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Lower deflection values were noticed in segments 5, 9, 11, 12, and 13 (Figure 3), which presented
better performance related to fatigue cracking. This result agrees with the Fu et al. (2022a) study, which
developed a three-dimensional model of finite elements to simulate the cracking variations in pavements
without defects and with cracks based on deflection FWD data. The authors stated that deflections on
pavements without defects were much fewer than in cracked pavements. Fu et al. (2022b) confirmed
thatlongitudinal cracking on semi-rigid pavements was more noticed in those structures with weaker
subgrades. In this study, the conventional pavement presented greater back-calculated average moduli
in the subgrade layer (Figure 6¢) and better BCI parameters (Figure 4), indicating better structural
conditions of this layer compared to the subgrade layer of cobblestone interlayer pavement.

Table 4 presents the average results of the overall cracked area of stone interlayer pavement segments
and conventional pavement segments. The average N, ... which caused the stone interlayer pavement
to fatigue rupture was equal to 3.84x10° and 4.71x10° for conventional pavement. The conventional
pavements obtained theN .. value of 22.65% greater compared to the stone interlayer pavements,
showing that the structural performance of well-compacted granular layers is better.

Table 4: Average results of the cracked area, including all the stone interlayer pavement segments and the conventional
pavement segments.

N to affect

AASHTO

N =10° N=5x10° N=2x10° N=2x10" N=5x10" 30% of the
cracked area

cooblestone 2.06 4.61 17.06 97.68 99.00 3.84E+06
Granular 1.77 3.63 10.13 99.00 99.00 4.71E+06

The stone interlayer pavements presented a better performance in the studies by Rasoulian et al.
(2020) and Titi et al. (2003) related to cracking due to fatigue craking when submitted to traffic
loading when compared with conventional pavements. In the Titi et al. (2003) study, the stone
interlayer pavement received four times more traffic loading before rupturing that the conventional
pavement. In the Rasoulian et al. (2020) study, this type of pavement structure presented a life
prediction five times greater than conventional pavement based on the traffic loading. Although,
there is a constructive difference between stone interlayer pavement structures evaluated in the
studies by these authors as that related to the stone interlayer pavement structure evaluated in this
study. The stone base layer was overlaid on a stabilized soil-cement layer in Titi et al. (2003) and
Rasoulian et al. (2020) studies, providing increased stiffness to the pavement structure. In case of
this study, as the cooblestone base layer is overlaid on a sand layer, the pavement structure provides
decreased structural performance compared to pavement structures constructed over properly
well-compacted granular layers, as in the case of the conventional pavement evaluated here.

5. CONCLUSION

This study evaluated the back-calculated moduli of the cobblestone interlayer pavements and the
traffic loading capacity of this type of pavement related to the fatigue rupture criterion based on
a mechanistic-empirical analysis. The following are the main conclusions of the study:

- Cobblestone interlayer pavements present greater deflection values measured on the FWD tests
at the load application point when compared to those measured on conventional pavements
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with unbound granular base layer, indicating that conventional pavements displayed more
stiffness;

- The deflection basin parameters obtained from conventional pavements were more homogeneous
and closer to the reference values than those pavements obtained from cobblestone interlayer
pavements;

- The backcalculated moduli of the asphalt concrete layer, base and remaining pavement
structure presented an overall good agreement with the DBP evaluated. The majority of the
SCI parameters of the cobblestone interlayer pavements extrapolate the reference value,
indicating that the asphalt concrete layer is more deformable for this type of pavement when
compared with conventional pavements;

- The majority of the BDI parameters of the cobblestone interlayer pavements extrapolated
the reference value result, showing worse structural conditions of the base layer of this type
of pavement;

- Thelowest stiffness of the subbase layer is attributed to the cobblestone interlayer pavement,
itis made from sand, while the conventional pavement is made from properly well-compacted
granular material, providing the higher back-calculated moduli;

- Thelower BCI values of the conventional pavement have indicated better subgrade structural
conditions, which can be proven by the higher subgrade moduli values;

- The DBP-based method by FWD test were able to identify the differences between the base
layers and the cracking cracking evolution in the flexible pavement segments evaluated. In this
regard, related to the traffic loading capacity of the tested pavements on the fatigue rupture
criterion, the conventional pavement presented lower values of cracked area compared to
the stone interlayer pavement for “light,” “medium,” or “medium heavy” traffic. Analyzing the
N, .suro that each segment would bear until reaching its rupture limit, it was confirmed that
the conventional pavements would bear higher values.

- The conventional pavements obtained the N, ..~ value of 22.65% greater than the stone
interlayer pavements, showing that the structural performance of well-compacted granular
layers is better.

This study contributed to the structural evaluation of pavements built based on cobblestones
converted into traditional flexible pavements. The use of DBP can improve the backcalculation
process as well as the road management process, enhancing the evaluation of pavement structural
conditions. The need to evaluate the stone layer’s impact on the structural condition of this type
of structure in the pavement mechanistic-empirical (ME) design was demonstrated.
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