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The Subgrade Resilient Modulus (My) is a fundamental metric for assessing the performance of
pavement foundations, as it reflects the bearing capacity and stiffness of subgrade materials. Tra-
ditionally, M has been estimated through backcalculation methods using deflection measurements
from Falling Weight Deflectometers (FWD). However, these conventional methods often encounter
limitations that can affect both their accuracy and efficiency. To address these issues, we propose a
novel approach utilizing an inverse model that substitutes the traditional FWD method with Traffic
Speed Deflectometer (TSD) deflection slope (D g) measurements for estimating M . This new method
employs Machine Learning (ML) techniques to improve the precision and computational efficiency of
M p estimations. Our approach involves constructing a synthetic dataset through a numerical forward
model to develop an inverse model capable of estimating M from D g data. This data paper presents
the creation of the forward model dataset, which includes numerically simulated TSD deflection
slope measurements. The forward model is based on Burmister’s elastic linear isotropic theory and
is implemented using advanced techniques in Alizé-Lepe software. The dataset integrates various
material and structural parameters to accurately reflect diverse pavement behaviors. Deflection data are
generated under dual-wheel loading conditions, with key deflection and slope parameters calculated
using the superposition principle and first derivative methods.

Key deflection and slope parameters are derived by applying
the superposition principle and the first derivative method.

1. Introduction

The Subgrade Resilient Modulus (M ) of road structure
is a critical parameter in evaluating pavement foundation
performance, as it directly measures subgrade materials’
bearing capacity and stiffness. Traditionally, Mz is es-
timated using backcalculation methods based on Falling
Weight Deflectometer (FWD) deflection measurements.

TSD Principle of Operation

The TSD uses an articulated truck with a rear axle
applying a load of around 100 kN to the pavement while

However, conventional techniques face operational limita-
tions that may compromise the accuracy and efficiency of
these estimates [1, 2].

To overcome these challenges, the authors propose an
inverse model that replaces the traditional FWD-based ap-
proach with the Traffic Speed Deflectometer (TSD) deflec-
tion slope (D) for estimating M p. This approach leverages
Machine Learning (ML) models to enhance the precision
and computational efficiency of My predictions. The pro-
posed model uses a synthetic dataset to build through a
numerical forward model, designed to create an inverse
model that estimates My using D data [3-6].

Thus; this data paper outlines the development of the for-
ward model dataset, which consists of 235 numerically
simulated TSD deflection slope measurements. The forward
model is based on Burmister’s [7] elastic linear isotropic
theory, and the simulations are performed using advanced
techniques in the Alizé-Lcpe software [8]. The dataset
encompasses various material and structural properties,
comprehensively representing various pavement behavior
factors. The deflection data is calculated using the TSD un-
der dual-wheel loading conditions for a pavement structure.

*Corresponding author
ORCID(s): 0000-0002-7077-0591 (A. ABDELMUHSEN)

operating at speeds of 70-80 km/h. Over ten Doppler laser
sensors measure deflection velocity near the load, as direct
measurements at the load point are impractical [9, 13].

To estimate the deflection slope, these sensors capture verti-
cal deflection velocity, which is corrected for vehicle speed
to obtain deflection slope. Then the slope is converted into
pavement deflection through curve fitting or numerical inte-
gration [10-13]. The resulting deflection basin data allows
the extraction of parameters like the Basic Damage Index
(BDI) and Surface Curvature Index (SCI) to assess the
pavement’s structural health and residual life [14].

Figure 1: TSD measurment system
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Numerical Forward Modelling
1.1. Alize-LCPC

Alize-LCPC is the reference software for pavement de-
sign in France. It incorporates Burmister’s multi-layer elastic
linear model to compute pavement stresses, strains, and
deflections. The design process compares calculated val-
ues across pavement layers to allowable limits based on
material fatigue and rutting behavior, adhering to French
standards (NF P98-086/2019). Pavement material properties
are sourced from a built-in database [1, 2, 7, 8].

1.2. Database Parameters
The input data consists of two main components: Pave-

ment structure and TSD load configuration.

1.3. Pavement structure: Mechanical properties

65.00 kN

bonded sm,

K

Road foundation height (m) : 0.18

Figure 2: Structure of the pavement under study [2]. In
scientific terminology from [1] , (HM A) denotes a Hot Mix
Asphalt. Similarly, (BC — g2) represents grade 2 aggregate
bituminous concrete, while (pf,) refers to class 4 subgrade.

e Thickness (m): Represents the thickness of each
pavement layer.

e Material: The type of material used in each layer,
such as Hot Mix Asphalt (HMA) and Bituminous
Concrete (BC-g2).

e Modulus (E;): Indicates the elastic modulus (in MPa)
for each material, reflecting its stiffness.

e Poisson’s Ratio (v): A value representing the mate-
rial’s deformation behavior under load.

Table 1
The characteristics of the pavement structure utilized to derive
the forward model (The French catalog [1, 2])

Layer (i)  Thickness (m) Material E, (MPa) v Interface °C
1 0.06 HMA 7000 0.35 (1) bound 15
2 0.09 BC-g2 9300 0.35 (1) bonded 15
3 0.09 BC-g2 9300 0.35 (1) bonded 15
4 © Pf 4 16-250  0.35 (1) bonded 15

e Interface: Refers to the bonding condition between
layers (e.g., bonded or unbonded).

e Temperature (°C): The temperature at which the
material properties are specified.

As illustrated in Figure 2 and Table 1, this study focuses on
the modulus of resilience, specifically denoted as M g. Ac-
curate estimation of My, is critical for evaluating pavement
performance. To achieve this, a robust numerical forward
model was developed, which involved simulating data for
the variable .S}, across arange of M g values. This simulated
dataset serves as the foundation for training the machine
learning (ML) model, which subsequently estimates My
based on Traffic Speed Deflectometer (TSD) measurements.
The numerical forward model was constructed through an
analytical-driven case study that employed predefined pa-
rameters (feature engineering) to build a controlled synthetic
dataset. This dataset was meticulously designed to facilitate
a thorough analysis and accurate categorization of the My
values. Table 1 details the characteristics of this dataset.
The data, as presented in Figure 2, demonstrates a variation
in the modulus of resilience My ranging from 16 MPa to
250 MPa. Initially, the modulus values for all other layers
were maintained constant to ensure consistency throughout
the study. This approach also allowed for an examination of
the sensitivity and impact of each layer’s modulus on the soil
independently.

Furthermore, the temperature across all layers was held
constant at 15°C to mitigate the effects of temperature fluc-
tuations on the results.

2. TSD Loading mechanism

The following tables provide an overview of key as-
pects of the Traffic Speed Deflectometer (TSD) mechanical
system. They encompass operational parameters, simulated
measurement coordinates, and sensor placements [10—13].
Understanding these details is crucial for both establishing
the database parameters and accurately interpreting TSD
data. This information represents the input components nec-
essary for database utilization and is essential for evaluat-
ing pavement performance effectively. Accurate knowledge
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Table 2

Coordinates of TSD Simulated Measurements with Load Values per Wheel

Load L1 L2 L3 L4 L6 L7 L8 L9 L10
R, (m) 0 0 0 0 8.150 8.150 8.150 8.150 11.750 11.750
Ry (m) -0.187 0.187 1.913 2.287 -0.187 0.187 1913 2287 -0.187 2.287
F (ton) 2875 2875 2875 2.875 1.55 1.55 1.55 1.55 3.15 3.15

Table 3 Table 4

TSD Load Configuration

Parameter F P v, R f

Value 325|092 | 20 | 0.15 | 10

of these parameters ensures reliable results and facilitates
meaningful analysis of pavement behavior and conditions.

2.1. Coordinates of TSD Simulated Measurements

Table 2 details the coordinates of the TSD simulated
measurements along with the load values per wheel. This
table is crucial for understanding the spatial arrangement of
the load points and the corresponding sensor measurements.

e Vertical Distance (R,): The vertical distance from
the reference point of the load to the measurement
sensor, recorded in meters.

e Horizontal Distance (R)): The horizontal distance
from the load point to the sensor, recorded in meters.

e Load per Wheel (F): The load applied by each wheel,
measured in tons.

2.2. TSD Load Configuration

Table 3 presents the configuration parameters of the TSD
load. These parameters define the loading characteristics of
the TSD system, which are critical for accurate pavement
assessment.

e Axle Load (F): Represents the total load applied by
the TSD axle in kilonewtons (kN).

e Contact Pressure (P): The pressure exerted at the
contact point between the tire and the pavement in
megapascals (MPa).

o Speed (V},): The constant speed of the TSD vehicle in
meters per second (m/s).

e Tire Radius (R): The radius of the TSD tire in meters.

e Load Frequency (f): The frequency at which the
TSD system applies the load, measured in Hertz (Hz).

TSD Laser Doppler Sensor Position

Sensor | S, | S, S Sy Ss S S; 1S,

S, (m)|01]02]|030]| 045|060 | 090 |11/ 38

2.3. Laser Doppler Sensor Position

Table 4 provides the positions of the Laser Doppler sen-
sors relative to the TSD load. This information is essential
for understanding the spatial arrangement of the sensors and
their role in capturing deflection measurements.

o Sensor Position (S, ): The horizontal location of each
Laser Doppler sensor relative to the TSD load, mea-
sured in meters.

The following section will delve into the data processing
workflow, outlining the protocol and results associated with
each file in the dataset.

3. Structured Data Processing Framework

The synthetic dataset was constructed using Alize-LCPC
software, a proprietary tool developed by the University of
Gustave Eiffel. For over 30 years, Alize-LCPC has been
the leading industrial reference for pavement modeling and
design in France, despite not being open-source. This soft-
ware is protected under the title "Alizé-Lcpc” and version
"ALIZE V2 Base 2.0," and is certified by the Agence pour
la Protection des Programmes (APP) [8] .

o Alizé-Lcpce Input File:

The data processing workflow begins with an input file
for Alizé-Lcpc, containing the TSD load configuration
and parameters for the target pavement structure. This
file includes 235 distinct soil modulus values to sim-
ulate deflection slope under varying soil conditions.
Below is a screenshot of Alizé-Lcpce input file.

< Alize_Input_File + Upload Blocked

@ aose [ o}z

file Home Insert Pagelayout Formulas Data Review View Help
L4 vt Vi3
A

Structure  Layer
1

B c D E F
aye Thickness(m) Material Coeffatigue E (MPa) Nu Interface  Temperature (°C)
1 1 4 4

1 0.06 eb-bbsg3 1 7000 035 1 15

2 0.09 b2 1 9300 035 1 15
3 T 9300 035 1 15
4 08 16 035 0 15

0.09 gb2

7
2
3
4
5 Infini pfd 0

Figure 3: Screenshot of the Alizé-Lcpc Input File
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o Alize Output Files: Alizé-LCPC generates 235 out-
put files, each representing pavement deflection under
dual-wheel loading for a specific soil modulus from
the input. These files are concatenated into a single
file, with each column corresponding to a distinct soil
modulus value. Figure 3 provides a screenshot of the
Alizé-LCPC output files.

x|
File Home Insert Pagelayout Formulas Data Review View Help
Hs1 ~ i Je~ 227
A B cq FG GY HY HZ 1A 1B
1 2 85 163 207 233 234 235

559.946 535.948 140.544 87.9349 73.0583 66.4901 66.2618 66.0351
561.853 537.831 141.559 88.7506 73.8015 67.1978 66.9682 66.7403
563.328 539.282 142554 89.5472 74526 67.8871 67.6563 67.4271
564.963 540.895 143.519 90.3172 75.2246 68.5508 68.3188 68.0883
566.544 542.454 144442  91.047 75.8839 69.1755 68.9422 68.7105
568.162  544.05 145412 91.8272 76.5941 69.8515 69.6169 69.384

~N o AW N

Figure 4: Screenshot of the Alizé-Lcpc Output Files

e Python: Slope Simulation: This file contains the sim-
ulated deflection slope data from a Python-based sim-
ulation program. It includes data for 235 soil modulus
values, representing deflections under the TSD. The
simulation applies both the superposition principle
and the first derivative method. The file comprises
columns for the horizontal offset from a 3.8-m ref-
erence point, total deflection beneath the TSD’s rear
wheels (um), and the horizontal hypothesis distance
(m) from the load to each sensor. Additionally, it in-
cludes individual wheel deflections (um), aggregated
deflection (using the superposition principle), and the
rate of deflection slope change per unit length (um/m).
A corrected deflection slope is provided for increased
accuracy at 3.8 m from the load point: figure 4, a
screenshot of the Python simulation file.

A e @D B 9~

Fle Home Insert Pagelayout Formulas Data Review View Help

 Dample.Case - Upload Blocked v o sear A ssoeicaoer.

1
0187 112.0337962 360.40649 -10.23651442 1296478134

n 08726718 o ieowels  seoaaes  lowssos souronae
137818 0188066475 111.8721907 3602799671 177400564 5500320114

Figure 5: Screenshot of the Python Slope Simulation
File

e Python: Concatenated Deflection Slope Database
File: This final file compiles and consolidates the 235
individual deflection slope files simulated in Python. It
represents the Concatenated deflection slope data for
all 10 wheels of the TSD, computed using the super-
position principle and the first derivative method in
the previous step. The figure below shows a screenshot
of the concatenated deflection slope database file.

To this end, combining these files and the processing
steps provides a detailed and integrated view of the relation-
ship between soil stiffness and pavement deflection behavior.

Figure 6: Screenshot of the Python Concatenated De-
flection Slope Database File

4. Results
4.1. Mechanical Behaviour Modelling

To simulate pavement behavior under the TSD system, a
load superposition principle was employed. This method is
appropriate as it aligns with the deflection behavior hypoth-
esis used in this study, based on Burmister’s linear elastic
isotropic model. This approach is commonly adopted in
pavement engineering to assess soil behavior under load
conditions [3-6].

The TSD system is composed of ten wheels (Fig 7a), and
the simulation involves calculating the total deflection by
summing the contributions from all TSD wheels [9]. After
simulating the overall deflection behavior of the TSD system
as illustrated in (Fig 7b), the S}, parameter is derived by
calculating the first-order partial derivative of the combined
deflection. This step models the rate of change in pavement
deflection under the entire TSD load. Both the deflection and
S}, curves are presented in (Fig 7b).

To proceed with this, the configuration of the TSD load and
sensor positions must be defined, as shown in (Fig 7a).
Seven laser Doppler sensors (Sn; to Sn;) are positioned
relative to the TSD wheel loads, and these sensors measure
S}, beneath the loads.

To simplify the TSD calibration process, a zero value is
artificially assigned to the reference sensor Sng, located 3.8
meters from the load point [12]. However, this assumption
introduces a systematic bias in the TSD measurements. The
impact of S'ng on measurement uncertainty is demonstrated
in Figure 7b, where the difference between the green curve
(Sng = 0) and the black curves (Sng # 0) illustrates its effect
on TSD measurement precision.

Additionally, (Fig 7b) shows that deflection is calculated at
1 cm intervals across every 4 m offset, a practice supported
by prior research [13]. These aspects are crucial in improv-
ing the understanding of the TSD numerical configuration
and the factors that influence pavement deflection simula-
tions.

4.2. Data Modelling and Processing

This section outlines the process of numerical data col-
lection and describes the key input features used in the study.
The dataset comprises 235 instances of simulated .S, values,
which serve as equivalent representations for varying Mp
modulus values ranging from 16 to 250 MPa. The variables
Sn; to Sn; correspond to the simulated TSD laser Doppler
deflection velocity slopes, with Sn; being the sensor closest
to the load application point and .S#; being the farthest. The
target variable, M p, refers to the soil’s modulus of elasticity
and is predicted based on the values recorded by Sn; through

Abdelmuhsen et al.: Preprint submitted to Elsevier
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Figure 7: TSD Numerical Model: (a) TSD load configuration [12], (b) Simulation of pavement behavior under TSD [3-6].
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Figure 8: Sn, to Sn,; Deflection slope analysis [3-6]

Sn7.

Analysis of Figure 8 shows that the variability in S}, in-
creases at positions farther from the loading center. There-
fore, sensors located at the edges of the deflection basin cap-
ture more detailed insights into the soil’s mechanical behav-
ior and load-bearing capacity. This observation aligns with
the findings of [14], which highlight the correlation between
deflection bowl characteristics and mechanistic evaluations
of pavement structures. These parameters are instrumental in
identifying sections with differing structural capacities and
performance levels.

5. Conclusion

o Numerical Forward Model: A robust numerical for-
ward model was developed using Burmister’s elastic
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linear isotropic theory, implemented via the Alizé-
Lcpe software. This model generated simulated de-
flection slope measurements under dual-wheel load-
ing conditions, providing valuable data for analyzing
pavement behavior.

e Dataset Creation: The study established a detailed
dataset incorporating material and structural parame-
ters, which is essential for estimating the Subgrade Re-
silient Modulus (M ) from Traffic Speed Deflectome-
ter (TSD) measurements. The dataset ranges from
16 MPa to 250 MPa, with consistent parameters for
accurate analysis.

e TSD Measurement and Loading Mechanism: Key
aspects of the TSD’s mechanical system, including
load configuration, sensor positioning, and deflection
measurement, were meticulously simulated. This in-
volved defining the TSD axle load, contact pressure,
and sensor placements to ensure accurate data collec-
tion.

e Sensor Analysis: Analysis of deflection slopes from
multiple laser Doppler sensors revealed that sensors
positioned farther from the load point provide more
detailed insights into the mechanical response of the
pavement. This enhanced variability supports more
accurate estimation of the soil modulus.

e Data Processing and Simulation: A machine learn-
ing model can be effectively trained using the syn-
thetic dataset generated from the forward model to
estimate My values based on deflection slope data.
This approach enhances the ability to evaluate pave-
ment performance and structural integrity based on
TSD measurements.

Data Availability: DOI, License: Etalab 2.0

The dataset utilized in this research will be openly ac-
cessible to all researchers, accompanied by a comprehensive
description in a data paper. It has been assigned an official
DOI: https://doi.org/10.57745/QNUCI6 and is distributed
under the license: Etalab 2.0.
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