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Introduction

» (Context and implications

» Causes and consequences




The state of the art

= Road Authorities: critical progressive infrastructure deterioration

Moving frame of reference
1r *  Surface particle | 4
05 ,I-"-'“"q,‘. T
» Insufficient DATA: allowing for long-term predictive maintenance Ve PRt e
s 2 AR
™ B l t» ;l j ’
» PMS indicators: Relies on functional assessment & distress data oe e s |
» Both might not completely capture the true structural integrity <0 ! ! . | | 1
-3 -2 -1 0 1 2 3
Lasse Hoi - Measure Road x [m]
= Gaps: Structural bearing capacity assessment at Network-level
— Bad Roughness
Bad Texture e & bottom up

. cracking top down cracking
— Good Roughness i -

Bad Texture ;

. Good Roughness
Good Texture
— Bad Roughness
Good Texture = == e —

3% ) : ok VR )

Surface cracking (distress)
Functional assessment (serviceability)

Reference (1) : S. Fontul, 2004, Structural evaluation



The state of the art

NDT Deflection measurement (E;): Fundamental mechanical property

== Inverse Model (Backcalculation)

Source: Infociments.fr/
02.2020 ( E i)

Modulus Estimation

Reference (2) : J-M, Simonin, 2021, correction

e T'raditional ND'T deflection devices operational imitations

Stationary (Impulse) Slow move 8 km/h Constant move 8 km/h
FWD Deﬂectograph Curviameter

Benkelman



The state of the art Context

Challenge

Motivation

TSDDs overcome FWD limitations via:

Continuous bearing capacity assessment

Measurement at traffic speed (+80 km/h)

Secure with no traffic disruption

Cost-effective for projects and networks levels

Reference (3): Katicha, and Flintsch, Ten years TSD research.....

T Dyratest RIPTOR

(il

Source: GreenWood, Dynatest, ARA



The State Of the art Context Motivation

Reference: SCDOT & US-FHWA, 2022

\ Deflection
Deflection
slope Ay  vertical velocity * At
5 slope = — = - -
:_ us Ax  horizontal velocity * At
. PPt vertical deflection velocity
y slope = =
v moving speed

Deflection (um)
D= fxoo S.dx

4 ‘ AC?ROS"

_ Doppler laser sensors
™ Falling mass g

¢ it Buffers */A%/ \\\»

Deflection sensors

Sk g o R j \\.

Load cell

Load plate \ Data conversion No conversion required | Integration, (information loss)

V/ s //////// =

(a) The measuring schematic of the FWD (b) The measuring schematic of the TSD Reference (4): F. Xiao, Tongji University, Measurement, 2021

Reference (5): Flintsch et al, Ten Years of TSD

b Feature (FWD) (TSD)

| Loading mechanism | Single plate (stationary) | Dynamic or moving tires

Measured parameter | Pavement deflection Deflection slope




The State Of the art Reference: D. Jansen, TRB, 2019, Bast

L4 TSD efficiently collects structural data at traffic speeds

X Processing, analyzing & interpreting TSD data: key challenges!

This i1s a workshop!

Federal Highway Research Institute

Strategic
Industrial What is your opinion about ...
1. Choosing a method to calculate deflections?
Research 2. |Using slope values instead of deflections?
3. Establishing international standards for TSD measurements?
Priorities

Dr. Dirk Jansen
TRB Annual Meeting - US, Washington, D.C, January 2019




The state of the art 2

= Main Objective : » Thesis proposition :

Develop an MlL.-based intelligent framework

TSD deflection

Slope
Data .
Science
n
Machi
achine Deflection
Learning

&

l

Backcalculated

Pavement
Modelling
TSD (Dy)

Layer Moduli (E;)



» ML: Rational and significance

» Research methodology




Method

~ Generalized model Unsupervised Supervised
= Adaptable to varying data population; quality and quantity | . .
IS R R
. .. ep ) . . 1.".:. e 'L_'_-‘b.-" %) ° o.f.{'i.:.‘:' .
= Effective in identifying complex patterns in data RCEE AR VA IR A
A T “ e
= High accuracy and high computational efficiency /,,.5;...\,\,'z\‘ii'_.e_';ft'/"- S
.b: ': .o""-,. * ::..:.{E:..' .. * .':'. ...o
:'-‘\_..“_)..I- ',\;'.';'__"!./ L O

SVM GridSearchCV Scikit-learn hyperparameter tuning

‘ OVERFITTING ‘ OPTIMUM ‘ UNDERFITTING
support vectors
o
o
X Xa
Finds the optimal hyperplane that maximizes/approximates
Hard and soft margins
o % o o % o @ E.rrl)r
RBF (Kernal) e e ° /—
ul 80y 4 890 o0 N 2% \o
Higher dimensional o 2 % e o | Oﬁ N X > X - X o
space ¢(x) ®e Qo0 00 % S, © °o 2

Reference (5) : Y. LeCun et al, “Deep learning,” Nature, vol. 521, no. 7553, 2015.



Method

Characteristics of

structure l
TSD

load

Dg: TSD deflection slope (um/m) T o

l, Dg: Feature variable (X)

E;: Target variable (y)

Inverse model (Problem)

Supervised Machine Learning (ML)

- Classification - Regression

|

- Support Vector Machine (SVM):

- Protocol - Optimization - Validation

|

- Sensitivity analysis (Temperature, Noise, Data structure)

|

Estimated Modulus (E;) MPa



Forward Model

> Numerical stmulation

» Synthetic database



Numerical Forward Model

eb-bbsg3 : 6.0cm

collé

_

65.00 kN

= Alize-LCPC: Trademark developed by the Univ. Gustave Eiffel (. Al |1Ze 2
= French industry standard for pavement modeling/design for +30 years
» Burmister pavement model: Multi-layered, linear elastic, isotropic

eb-gb2 : 9.0cm approach with infinite in-plane layers

Layer (i) Thickness (m) Material FE; (MPa) v Interface  °C

SR s 200w 1 0.06 HMA 7000  0.35 (1) bound 15
2 0.09 BC-g2 9300 0.35 (1) bound 15
3 0.09 BC-g2 9300 0.35 (1) bound 15
pf4 : infini
4 00 Mg 16-250 0.35 (1) bound 15

Reference (6) : J.-F. Corté and M.-T. Goux, “Design of pavement structures: the French technical guide.......



Numerical Forward Model

Forward Model
(Database)
Matrix: 235 x 8

Modulus value E;: TSD Deflection Slope Dg
i S

Matrix Y: 235 x 1 Matrix X: 235 x 7
g r - - - p
Y1 Ti1 12 i3 T4 T15 Tig iy
7 r - - - p
Yo Tp1  Tea T3 T24 Tas  Tag  A27

Yass1 T2351 T2352 T2353 T2354 T2355 T2356 T2357
800

TSD assumptions & observations

=)}
=
o

» Loading mechanism: Superposition

Deflection (um)
=
o
o

(]
o
o

= TSD Reference Sensor: Uncertainty 0

_ 0.0
E o Reference
s —0.
L sensor
° . ° . ey . ] '

= Sensor Positioning: Variability S, st hm g
g 20 Sensor slope—o0 slope
% -2.5 —+— Measured-Simulated TSD Slope
[a] 30 Real-Simulated TSD Slope

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4
Offset (m)



Numerical Forward Model

Structure

[=== Surfacing

Base Iayer"u..

. ﬂ\......."......

geophone

positions

EDA: Analysis

o, e e e
.-\. ""-"‘1. 2‘-‘{""{4

Deflection bowl parameter structural condition rating criteria for various pavement types

Gy Deflection bowl parameters
“’r':;'i‘;‘““ Dy RoC BLI MLI LLI
£ (pm) (m) (pm) (pm) (pum)
<500 100 <200 <100 <50
Granular 500-750 50-100 200-400 100-200 50-100
base
Severe 750 50 =~ 400 =200 =100
Sound =200 »150) <100 <50 <40
Cementit 5 -
SRR - 200-400 80-150 100-300 50-100 40-80
base
Severe =400 <80 =300 =100 =80
Sound =400 =250 =200 =100 =50
Bituminous - 400-600 100-250 200-400 100-150 50-80
base
=600 <100 =400 2150 80

Mote: These criteria can be adjusted to improve

sensitivity of benchmarking.

= ae }
v 1.51
£ T
W 2.0
2.5
. s 2
3.0 S :
o
Sny Sn» Sns Sns Sns  Sng  Sny
=
4.0
315 T
H'i.[]
L
2.5
: TSNS
=20
Y
m 1.5 J_ ?
1.0
——
0.5
i
,LJ{‘" A ¢J\‘ » (_J\“ .\;?\\' LJ\‘" L}‘I"'




Inverse problem

» Modulus estimation observations

» Advanced parametric study (optimization)



Numerical: Inverse problem

(MPa)
N N
& (0]
o o

Mg Train-Test Predict

=
Ul
o

=
o
o

s 250

MPa

~ 200

150

100

50

Mg Train-Test Predict

Ul
o

o

* 70%: SVR Train Performance
v 30%: SVR Test Performance

100 150
Mg Train-Test (MPa)

100 150
Mg Train-Test (MPa)

200

70%: SVR Train Performance
v 30%: SVR Test Performance

200

250

250

Mp, Value (MPa) | (16 - 49) | (50 - 79) | (80 - 119) | (120 - 199) | (200 - 250)

N° Class 1 9 Cq Cy Cs

(TTV) Framework:

= (eneralizability and Robustness test of the model
= Stratified Train-Test-Split: 70% training, 30% testing

= Five iterations with 5/10 fold cross-validation for accuracy

Regression analysis: Training Testing Validation Framework

Iteration ‘Iraining Zone lesting Zone Testing Objective
1 [C] (70%) [C] (30%)  Overall Performance
2 [A] [B] Highest band
3 BJ [A] Lowest band




Numerical: Inverse problem —

“ Noiseless Sy, Mg= 100 MPa Noise-Based Sy, Mg= 100 MPa
e 1.4 —e— Noiseless Sy, Mg= 150 MPa v T —-— Noise-Based S,, Mz= 150 MPa
- —>— Noiseless Sy, Mg= 200 MPa \ —>— Noise-Based S,,, Mz= 200 MPa
o 1.2 17~ : —— AWNG-Noise 15 db
8_ /f' \
o 2.0 L
= 0.8
38
< 0.6
=
S 0.4
-
D
[
(<]
a 0.0 »
00 05 1.0 15 20 25 3.0 3.5 00 o5 10 15 20 25 3.0 35
Offset (m) Offset (M)
250 : - 250 1
Noise-less - Noise-Based >~
© 200 —~ 200
(a v (©
s (a1
- = 150
+ 150 oy
s 5
~ 100 —— Coef. Determination R? = 0.997 L 100 :
oo ' h - o —— Coef. Determination R? = 0.951
< W Pl S ST « —— Mg _Test_Pred =0.94 x + 4.68
50 ~ —— Pearsons correlation R: 0.999 < 50 —— Pearsons correlation R: 0.976
, —— RMSE: 3.618 Z —— RMSE: 14,784
. — = |dentity Line Loy - = Identity Line
- 0
50 100 150 200 250 50 100 150 200 250

Mgr Test (MPa) Mg Test (MPa)




Numerical: Inverse Problem

Calculation of evaluation metrics Confusion Matrix (Accuracy: 98.73%) Confusion Matrix (Accuracy: 95.00%)
11 0 0 0 0
Metric Formula Description 11 0 0 0 0
Precision % Proportion of correctly identified positive cases ) 0 10 0 0 0 o : 3 0 0
Recall % Proportion of actual positive cases identified correctly g E
2xTP . . . {Iuj 0 o 0 0 0 0
DSC (F1 score) S TP FPTFN Harmonic mean of precision and recall > w
4 l_ —
- =
. 0 0 0 25 2
~ Class (5) misclassifications : (High MPa) o . . B
. .- G C: Cs Ca 5 .
Relatively less critical Predicted Class G G G G Cs

Noise-less

Noise-based —l

» Class (2) misclassifications: (Lower-MPa)

G

1.000 1.000

]

More critical

Cs
Cs

i U
. e s G- 0.950 1.000 - 0.929 1.000 0.963
= Why the misclassification happened? i C -
Sf 0.980 0.950 0.965 J “ 0.926
G- 0.950 0.970 0.960 - 0.889 0.914
Precision Recall DCS (F1) Precision Recall DCS (F1)



Numerical: Inverse Problem

- Data variation (Outliers) /_\ loss
\— Model: Mis-Estimation

\

|

N2

—& € y-flrw)

x Data points

=
X O Support vectors
Noise-Less Noise-Based
. —_ . SVM
SVM GridSearchCV Scikit-learn hyperparameter tuning
Parameter Initial Values Range Optimized Initial Values Range Optimized
Parameter | Flexibility | Accuracy Functionality
Kernal Linear/Poly /RBF /Sigmoid RBF Linear/Poly/RBF /Sigmoid RBF
T C 1 T Regularization: Balance Over/underfitting C [0.1 ; 1000] 100 (0.1 ; 1000] 10
¥ [0.01 ; 100] 1 (0.01 ; 100] 0.5
1~ (gamma) 4 T Control outliers impact on decision boundaries
€ [0.001 ; 10] 0.01 (0.001 ; 10] 0.2
T € (epsilon) t + Tolerance margin without error-penalty




Sensitivity analysis

» Correlation analysis (® °C < E; < Dg)

» Temperature uncertainty investigations



Temperature sensitivity analysis

Correlation Analysis: @ °C « E; < Dq

Layer (i) Thickness (m) Material E; (MPa) v Interface  °C

1 0.06 HMA 7000 035 (1) bound | 15  Temperature uncertainty influence
2 0.09 BC-g2 9300 035 (1) bonded | 15
3 0.09 BCg2 9300 035 (1) bonded | 15  Experimental representative cases
4 % Mp  16-250 0.35 (1) bonded |15
i Temperature Uncertainty Effect Temperature + Noise Uncertainty Effect
Temp-Profil © °C E; Mp E 0
i
L1 | Ly Ls E, Es Esz | 125 i
: € -50
_____?___..
5 | 5 5 11405 | 15090 | 15090 | 12§=m====== 52
15,
§ ©-100
~ = - - (V4 N Temperature Profile
10 | 5 5 9310 | 15090 | 15090 | 125 .E’ s ——— 952020
g 25-20-20 20-15-15
1510 | 10 7000 | 11880 | 11880 | 125 g 20-15-15 -~- Reference (15-15-15)
_________ ?_ Reference (15-15-15) — 15-10-10
: 15-10-10 — 10-5-5
20 | 15 15 4690 | 9300 | 9300 | 125.|..ceuuedd -200 10-5-5 —'5-5-5
PEPTII 5-5-5 — Noise
25 | 20 20 39245 | 6120 | 6120 | 125|trreseseeresneens 5 0 50 100 150 200 250 300 350 400 O 50 100 150 200 250 300 350 400
Offset (cm) Offset (cm)




Temperature sensitivity analysis

e °C I (MPa) Mg A
Ly | Lo | La | Iy | B2 | 123 | (MPa) %
139 | 11.2%
136 8.8%
116 72%
117 6.4%
102 | 18.4%
e °C I; (MPa) Mg A
Ly | Lo | La | I Iy | Bz | (MPa) | %
5 11405 136 | 8.8%
10) 9310 134 | 7.2%
15 7000 118 | 5.6%
20 4690 121 | 3.2%
25 3245 105 | 16%
e °C IZ; (MPa) Mg A
Ly | Lo | Ly | By | FEz | Ez| (MPa)| %
5 15090 133 | 6.4%
5 15090 132 | 5.6%
10 11880 120) 4%
15 9300 122 | 2.4%
2() 6120 113 | 9.6%
e °C IZ; (MPa) Mg A
Ly | Lo | La | I8y | Fi2 | Fs | (MPa) | %
5 15000/ 130 4%
5 15090|| 129 | 3.2%
10 11880|| 122 | 2.4%
15 9300 123 | 1.6%
20) 6120 117 | 6.4%

E;

140

1101

1051

Forward Model | Inverse Problem

—— Ref

N/A

(5,5,5)

(10,5,5)

(15,10,10)
Temperature Profile

= Layer effects:

(20,15,15)

(25,20,20)

Knowledge of known pavement properties (temperature), enhances soil modulus

estimation



Experimental validation

» Data acquisition & preprocessing

» Feature engineering (Global to Local)



Experimental validation Dimensionality Reduction ELEL

Data Acquisition

* Location: Univ Gustave Eiffel, fatigue carousel

* Testing method: Accelerated Pavement Test (APT)
* Project: I-Street project

* Instruments: Geophone and Strain Gauge

* Purpose: Simulate real-world traffic conditions

Bottom line: Collect fatigue data for pavement analysis

@ Carrousel: Dual Wheel Directions Geophone Sensor, specifically Model GS-

: ONE LF from Geospace Technology
L; h (m) Material E; (MPa) v Interface (°C) - Model CSONELF
Orientation : Vertical
D.ual-‘.vheel load Drawing No.: (S 480-00360-01
1 010 HMA 2000- 10000 0.35 (1) bound 5 - 35 4 i —
2 0.05 UGM 126 0.35 (1) bound 5-35
3 025 UGM 126 0.35 (1) bound 5-35
4 Mj 104 0.35 (1) bound 5 - 35 e
H-shaped DYNATEST® PAST-IIA
strain sensor




Experimental validation Dimensionality Reduction fEZ22

a. Experimental Strain Gauge Measurement

Strain Gauge

¥ 200
Alizé-LCPC

Strain
—
wn
o

f ) 50
E; ) A
¥ =501
Labels (y) -3 2 -l 0 1 2 3
N _ J Interval Offset (m)
b. Experimental Geophone Measurement
Geophone 2 04
¥ g 0.3
Python % 0
7
( i ) S 01
D S §
/ [ 0.0
0]
h 4 D
0.11
Features (X) 0 i 3 3 i

Interval Offset (m)
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T

P

Simulated

L

Measured

N

Deflection Slope (um/m)

Experimental validation

0.5 +

0.4 1

0.3 A

0.2 1

Geophone Simulated vs Measured

Simulated Slope
Measured Slope
Sensors Position Simulated
Sensors Position Measured

Zone C

Offset (m)

slope—o00 510pe

3.0 3.5




Data Augmentation | Dimensionality Reduction

Experimental Validation

X = Myp1x7

15D

N
I
\e

\ 4

g
S

e
I
—
>
~
\ 4

W = [’Ul,“b*g,..

)

.?vk]

A

| 101 'I'SD Slope : (7) Sensors|

Matrix T: 401 x 2
I, I @
15 155 )

X
Input
Features

‘»/"ml 1 Thon _’J

®

Geophone Deflection velocity Slope DVi:
Matrix X: 401 x 7
[ Iy T2 I3
I21 T22

T23 I24 I25

T4 Ty 5
|_-l'm| 1 L4012 T4013 T4014 T4015 L4016 L4017

A ¥
gt PCH
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Experimental validation Dimensionality Reduction

G I O bal Accuracy

v Ej Test data v /
s000 | — [RZ=0378 | SR -
— E1=0.94 x +19.35 v O - 0.970 0.970 0.970
. —— Pearsons-Cor R: 0.990 vy
nﬂf 75001 —— RMSE: 3.641
= ---- |dentity Line _
- e S - 0.970 0.968 0.969
% 6000 - %
E r
7 2.
L 45007 o G 0.970 0.960
wy
3000 4
3 0.950 0.930 0.940
1500 T r - T T ; : ;
3000 4500 6000 7500 9000 Cz Cs

E, Test (MPa) Predicted Labels

Precision Recall DCS(F1)

b) Accuracy|= 93.94%

v E; Testdata /
0001 —— |R? = 0.953
—— E1=0.90 x + 28.28 YW "

—— Pearsons-Cor R: 0,979 v
75001 —— RMSE: 5.345

---- |dentity Line
000
1500
3000
0.900 0.910 0.905
1500 3000 4500 6000 7500 9000 .
Predicted Labels Precision Recall DCS (F1)

E, Test (MPa)




Estimation Variance (%)

71.51

5.0

2.51

0.0+

=50+

Variance analysis a) Local b) Global

*

v

Training Error %
Testing Error %

LAl = Training Error %
. 6 v Testing Error %

Estimation Variance (%)

3000 4500 6000 7500
E. test (MPa)

9000 3000 4500

6000 7500 9000
E, test (MPa)

Factor

Local (PCA)

Global

Accuracy

Slightly |

1

Data Efficiency

1 (faster processing)

| (computation-intensive)

Generalizability (limited data)

Potentially T

Potentially |

Strength

Balancing accuracy and efficiency

Mitigate uncertainty




Conclusion

» Challenges and limitations

» Perspective (future Work)

> Valorization & outreach




General conclusion
\

» Numerical Forward Model :
SCI, ML, LLI, and are key pavement indices, incorporating other sensors with

proportional significance is essential for a more accurate structural assessment

\
4 = Numerical Inverse problem : N
I. ML effectively estimates soil modulus from the deflection slope
II. Noise impacts measurement accuracy, necessitating noise reduction techniques
\_ I11. Incorporating temperature thermal model leads to enhancing modulus estimation Y,
4 )

= Experimental validation :

|.  Experimental approach validates the accuracy and reliability of the numerical model

II. Local approach balances accuracy, while offering computational efficiency

\_ )




General conclusion

Research limitations and challenges

\_ /

» Limited labeled data for supervised learning

» Applicability across diverse environments (Generalizability)




General conclusion

Future work :

\_ /

» Validate with real TSDDs measurement data
» Explore TSD applications for concrete and composite pavements
» Vfertical temperature analysis and thermal modeling

> Integrate TSD and Ground Penetrating Radar (GPR) data for (Thickness, Interface...)




General conclusion
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General conclusion
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Annex

» Repeatability test (Noise level)

» Geophone Signal Processing

» Principle Components Analysis




wrl gs

SNR = 101log,(SD)? 20 - log(5.5) ~ 20 - 0.740  ~ ~
g10(SD) 0g10(5.5) 14.80 ~ 15 dB SUEN

—+—UK -#-AUS -+USA -—<Greenwood Laboratory

0 100 200 300 400 500 600 700 800 900
Deflection Measurement Level (um)
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