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Abstract

The optimization of pavemeMaintenance anehabilitation KI&R) planning and asts has
been historically proven as a complex tdskiecent years, Artificial Intelligence (Al) and
Machine Learning (ML) applications in pavemenigineering data analytitsve been gaining
momentum These advanced techniques have shown promisslgs in civil engineering and
transportation asset management. Therefore, designing a smart pavement framework that relies
on the actual pavement responses argkmice condition can help with utilising the ML
approach toward better understanding thegoerénce of pavement§o implement the concept
of “"Smart Pavement”, constr ucthatprgvidesithei nt er act
necessary data feedback to improve the decisiakings of M&R would be neededrlhis thesis
focuses on somaspects of the design ofg&itu pavement monitoring and the applying selected
machine learning techniques for pavement performance predictiorder to design an

effective pavemenistrumentation plara literature review was conducted to identify and
evaluate the majan-situ monitoringdevices and previous case studiBmovative technologies
of Structural Health MonitoringgHM) were also discussl as a part of the sensory system. A
potential pilot section was identified by the Region of Watefflmowhich the pavement
structure and technical details were retrievd&hsed orthe resultsrom the literature review
andtheevaluation of the proposed section detalgreliminary instrumentation layohésbeen
proposed. Next, the interaction between the propesgzbddedensors and surrounding
pavement structure under traffic loadivgs further studied to evaluate the effect of pavement
instrumentation on actual structurasponsesTherefore, a seried bnite elementanalysis

(FEA) scenarios werdefined,and modelling wasonductedusing ABAQUSto quantifythe
artefact impacts of the sensors on the pavement respddassd on the FEA results, high
stress and strairconcentration areas were locatekich can be used toptimize the design of
sensor layout, leading to capturing representative critical pavement resgomsssquently,
sensor spacingriteriaweresuggested to avoid device interference for the response

measurement.



Furthermore, it wold be informative to knowow, and which AI/ML methods have been
previously used for pavement performance prediction purposes. A systematic literature review
was conducted indicating thatajority of studies usedrtificial NeuralNetwork (ANN) of

which the prediction process is unexplainabl@redict International Roughness Index (IRI)
resulting inhigh prediction accuracie®{2 0.9). ADecisionTree(DT) model and &andom
Forest(RF) model were developed using the most commyaoiskd input data retrieved from the
Long-TermPavement Performance (LTPP) database to predicElfdlly, afterthe pruning
processtheDT model and RF model resulted in a creafidation accuracyR?) of 0.846 and
0.859, respectivelyThesingletreefrom theDT modelis less complex than the trees from the
RF model Further studies on machine learning model development should be conducted to
refine prediction accuracyinally, recommendation fduture datacollectionstandard$rom

pilot sections wererovided to help with developing a pavement response database that can
overcome the inconsistencies in the existing LTPP database and potentially improve the

reliability of the future pavement performanmodelling.
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Chapter 1

|l ntroducti on

1.1 Background

Pavement networks are mdittillion-dollar assets that play a vital role in the national

transportation infrastructure and economic growth of countries through enabling movement of
goods, services, and people in a safe, fast, and economic manner. Uddeggianement
performance evolution with time and accordingly optimizing Maintenance and Rehabilitation
(M&R) costs have been historically proven to be complex tasks. This has been especially
challenging due to the large number of variables that contribute overall pavement

performance and the considerably high level of uncertainty in predicting traffic patterns, climate
conditions, deteriorations, and material property changes. Poorly performing pavements result in
increased construction costs, acdeeenvironmental impacts, higher maintenance fees,

complaints from roadisers, and a risk to damaging vehicles and provoking accidents. In Canada,
there are over 415,600 km of paved and 626,700 km of unpaved public roadway network as of
December 31, 2019 (ansport Canada, 2019). Meanwhile, new roadways are continuously

being designed and constructed every year with an increasing growth trend. After the roadways
have been constructed, in order to maintain the proper functioning of pavement, systematic
managment of the pavement conditions and performance are crucial. Inadequate pavement
maintenance strategies can result in unexpected cost due to potential failures and shortening of
the designed service life. This price metric solely considers the impagtatenal selection for
pavement costs without taking other internal factors such as the costs imposed to municipalities
for landfilling the milling products or repairing and replacing old road sections due to poor

pavement performance into account.

Typically, pavement deteriorations are monitored by prdmeatl and networkkevel pavement

management system (PMS). Current PMS is constructed based on condition surveys such as

Pavement Condition Index (PCI) survey, surface roughness profiling, and Grawetdaeg

Radar (GPR) and borehole drilling for existing pavement structure characterization. Such non

destructive and destructive assessments require significant costs for PMS implementation in
1



order to properly monitor pavement conditions and plan naged4&R actions. In addition,
conditions surveys focus on the analysis of the deterioration output results due to damaging
factors such as heave vehicle loading and extreme climate conditions. Yet, there is a lack of
interpretation in the pavement deteation process, i.e., how the pavement structure will

respond to each type of damaging factors is yet uncertain. To this e, ravement
instrumentation collects mechanistic pavement response data subjected to traffic loading and
undergoing actual ehatic condition. Such data can be utilized for quantitative analysis of
structural and material performance. For example, when stress and strain at the bottom of asphalt
layer are constantly above the maximum threshold values due to a large volume of heavy
vehicles, bottorrup cracking may occur. Therefore, by accurately analyzing the stress and strain
data, cracking occurrence and propagation can be pretticteduce the need obstly

condition surveys. The Smart Pavement project at the University @rld@implemerda set

of in-situ sensory system to monitor the letegm pavement performancand this thesis seeks

to conduct the design and analysis of instrumentation setting in a pilot section that will be

constructed in the Region of Waterloo.

In recent decades, Atrtificial Intelligence (Al) and Machine Learning (ML) methods have shown
promising results in civil and infrastructure engineering data analysis. As a result of their

growing application in different domains, Al and ML methods have besnirtroduced in

pavement performance prediction models in recent years which can be noted from several
existing studies. Many of those studies have stated that the prediction accuracy and efficiency of
Al and ML-based models can exceed the accuracy ditimaal models. A better performing

model provides an opportunity to decrease costs associated with M&R of these valuable network
of transportation assets by a better premise for deemaking. Therefore, thithesisfirst

evaluates the types aoHarateristics ofthe AI/ML techniques used in the existing literature for

the purpose of pavement performance predictions, and then utilizing the selected ML models and
the currently available pavement performance database, to facilitate ML framework developme

for future applications of instrumentation data analysis.



1.2 Problem Statement

I n-situ Pavement Monitoring

In this project, irsitu pavement monitoring will be implemented for the data collection.

However, to design and install a proper monitoringtemy for the pilot section, there are many
factors to consider which can be quite challenging. Of instrumentation layout design, sensory
system selection, and data collection schemes, each aspect should be tailored for the pilot section
in order tocollectkey types of data andaximize data quality and data quantity. Excessively
sophisticated sensory system may result in unnecessary costs, whereas some key performance
data may be neglected due to insufficiently designed instrumentation layout and inapgropr
equipment selection. Currently-gitu pavement monitoring has not been widely applied in
Canada since most PMS rely on condition surveys. There is a lack afstahlished

instrumentation practicesith specific procedures and regulations for mechanistic data

collection in Canada. A thorough review of recent instrumentation methods and case studies
should be conducted in order to fill this knowledge gap by identifying the primary sensor types,

layout plans, and common issues.

Although there are some recent instrumentation practices in Virgini@#Al et al., 2004),

Maine (Swett et al., 2008), France (Gaborit et al., 2013), and China (Wang et al.,2012) that have
discussed about the sensory system lagod device usage, another important aspect has not yet
been thoroughly investigated which is the interaction between embedded sensors and
surrounding pavement structure. In other words, the artefacts of embedding sensors for the
pavement structural respse under loadings need to be identified. The material property
difference between sensors and pavement material may result in uneven stress and strain
distribution that can affect the accuracy of measurements. In addition, in order to capture critical
pawement responses, sensors should be located in the highly concentrated areas of stress and
strain.However the effect of embedded instrumentation on thesical response pointsaries

from apavement structure® another and from a layer to anothiBnese questions should be
answered viaunning analysisising numerical modelling approaches such as finite element
Analysis (FEA).



AI/ML -aided Data Analysis

In recent years, there is a growing trend of AlAdided predictive modelling for pavement
performance prediction. The methodology in each study varies in terms of algorithm and data. A
thorough review thagdummarizes the state of the practice and stateeddirt in application of Al

and ML for pavement performance predicteomd identify the underlying problems can be

highly informative for the future research

However, in the field of pavement management, the M&R decisiakings, it can be
informative for users to also understand the decipimtess. Algorithms such decision tree are
considered as explainable machine learning algorithm as the detwialong pocess is
interpretableHence, in this thesis, decision trege used and compared witmdom forest

with limited number of trees tevaluate their performance.

In addition,there has been a lack of transparency of pavement data processing amng cleani
methods in previous studies that used Al and ML methods to predict pavement performance
Model predictionaccuracycan relyheavilyon data quality and quantitjlthough many studies
may haveaused thesame data sour@nd smilar methodologiestheir datasetsisedcan be
differentas well as data qualityvhichis difficult for model performance comparisdfithout

clear data preparation instructiontsisichallengingor other researchete reproduce or replicate
high qualitydatasets allowing for model advancemeitserefore this study should also focus

on thedetailedillustration of datgprocessing and cleaning

1.3 Research Objectives
Corresponding to the probleraddressed in section 1.2, the following research objectives are
set:
1 To synthesize the results of current Al/ML applications in pavement performance
prediction by identifying the most commonly used algorithms, input variables, output

variables, pavementpes, and data sources.



To prepare a dataset from a publicly accessible data source while clarifying the data
processing procedures.

To implement tredased algorithms on the prepared dataset and evaluate the results and
accuracy.

To review and evaluatecent insitu pavement instrumentation and structural health
monitoring practices in terms of sensory system layout design, proper equipment
selection, and data collection techniques.

To identify the impact of embedded instrumentation sensors on sumguypalement
structure under loading using FEA

To optimize the instrumentation layout for the pilot section construction of the smart

pavement project in the future.

1.4 Summary of Contributions

The following major contributions can be listed for thissike

T

This thesis providea systematiaeviewof the studies that focused &ML -aided
pavement performance predictiohwhich theoutcomedelp future researchers

determine effective predictive modelling strategéfciently by reducing random errors
andbiases antiighlightingunderlying problems

The results of the IRI prediction models halamonstrated the capability of Decision

Tree and Random Forest algorithms to achieve promising accuracy while providing clear
decisionmaking visualization based on pavement dataset.

This study provides concise instructions of LTPP data preparation allowing future
researchers to reproduce/replicaigh qualitydatasets foprediction model

advancement

The studywould contribute to improving data collection practiéesbetter pavement
performance modelling purposes.

The impacts of embedded sensor on pavement structure have been identified informing
pavement engineers tptimize thenstrumentation layouesignto avoid device

interference and measurement errors.
5



1.5 Thesis Organization

This article consists of five main chapters to explicitly discuss the different aspects of the smart
pavement project:

1 Chapter I Introduction
In this partthe background of the project, problem statement, research objectives, and summary
of contributons are discussed.

1 Chapter 2 Review of the relevant work
The review was divided into two aspectsyatematiditerature review of previous studies using
Al/ML applications in pavement performance prediction andviewof pavement
instrumentation practices.

1 Chapter 3 Data analysis and machine learning modelling
Detailed data preparation procedures are deced along witlthechallenges in the database.
Machine learning framework and example moaeéestablished using LTPP databasel the
results are discussed.

1 Chapter 4- Design and finite element modelling of the pilot section
A set of finite element wdels in ABAQUS were constructeditovestigatesubsurfaceondition
of pavement structure with embedded sensader vehicle loading

1 Chapter 5 Conclusion and future work
This Chapter includes a summary of the findirags)jclusionsthe major contributions of this

research, and suggestions for future work.



Chapter 2

Review of Rel evant Wor k

As an initial part of Smart Pavement project, sbepe of review of thithesisfell into these two
categories: pavement performance prediction using Al/ML techgigodin-situ pavement

monitoring

2.1 Pavement Performance Prediction

In pavement engineering management, pavement performance prediction is an essential
component of Pavement Magement System which aids the M&R decisioakings by
estimating timeline when the performance indices will reach the threshold values (Haas et al.,
2015. Based on the parameters used, prediction models can be divided into four types (Haas et
al.,2015:

1 Purely mechanistic, based on structural response such as stress and strain

1 Mechanistieempirical that includes both structural parameterfandtional parameter

such as surface roughness

1 Regression, where input variables can be mathematically related to output variable(s)

1 Subjective, where the development of prediction models is based on experience
Traditionally, the prediction methods behitieése models are typically based on statistical
approaches such as regressions using developed equations. For example, Karan in 1983 has
developed a Riding Comfort Index (RCI) prediction model base on direct regression equation
with a squared correlatiaoefficient %) of 0.84 and a standard error of estimate of 0.38
(Equation 2.1)

RCI =7 5.998 + 6.870 - LOGRCH) 1 0.162 - LOG(AGE + 1) + 0.185 - AGH
0.084 - AGE - LOGRCI) 1 0.093 -DAGE (Equation 2.1)

RCI = Riding Comfort Index
RClIg = Previous RCI
AGE = Age in years

D AGE = Time period between the data collections
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Another example of cracking prediction developed by Queiroz in 1983 is also based on a
regression model yet only has a coefficient of deieation (%) of 0.54 and a standard error of
the residuals of 15.4 (Equation 2.2).

CR =7 8.70 + 0.258 HST - LOG (N) + 1.006 -1HST1 - N (Equation 2.2)

CR = Percent of pavement area cracked
HST = Horizontal tensile stress at thettom of the asphalt layer (kgf/én
N = ESAL

Although these models may have shown some satisfactory accuracies, they typically have
difficulties adapting to noisy datasets. In addition, Markov chain method is another common
practice used in therediction models (Zeiada, 202Bulugurta2009 andLi et al., 1996.

However, Markov chain may suffer from the fact that the prediction of the future period is based
on themostrecent time periodand it is difficult to include historical datand trae the longterm
history (Haas et al.2015. Furthermore, Federal Aviation Administration (FAA) has developed a
robustfinite-elemerntbased model (FEAFAA) to predict airport pavement structural response
associated with tegown cracking (Tarahomi et al.020). However, the huge computational

costoft hi s model ' s processing time whi chthismay t ak:

finite elementbasedapproach (Tarahomi et al., 2020).

2.1.1 Al/ML-Aided Predictions Approaches

In recent decades, Al and Mipplications have been gaining momentum in the field of
infrastructure asset management and pavement engineering. Common practices of AI/ML have
been applied into image processing such as pavement crack detection and object recognition
used in computer visn (Juet al, 2019), predictive modelling such as asset deterioration and
material behaviour predictions. Not only these practices have shown superior accuracy and

precision, task efficiency has albeen improved with the use Af-aided techniques.



There are a significant number of studileathave investigated the application of Al/ML in
pavement performance prediction. However, the datakyuithmused in each studyre

different from other studies. There are many pavement perfornraticatorsfrom condition
indices such as Pavement Condition Index (PCI) and International Roughness Index (IRI) to
specific distressneasurementsuch as longitudinal cracking length amdting depth All those
indicators could be used as the prediction outputbées.In terms input variable, it is still
uncertain that which types of data should be included that have significant impacts on pavement
deterioration. As fomodellingapproacheseach type of algorithm has its advantages and
limitationswhich may be sitable for different datasets and prediction scenabld&erent
combinations of dataset and algorithm result in a wide distribution of prediction acolsay.
result, in this part, aystematiditerature review has been conductedigdermine andiscuss

what input variables and output targets were used in the models in addition to the algorithms

implemented for model training and testing.

Research Questions
The research questions have been specified as the followings in order to provide cleaeguida
for the review:
1 What are the most commonly used Al &l algorithms that have been specifically
used for the purpose of pavement performance prediction?
1 How do thesalifferent algorithms compare with each other in terms of accuracy and
precision of tle predictions?
1 What are thenain input (predictors) and output parameters used for the purpose of
performance prediction modelling?
1 Whatare the characteristics of the databases used for training and testing the Al based
models?
1 What are the mogtromisingalgorithms for the purpose of pavement performance

prediction?



Scope of Review and Inclusion/Exclusion criteria

Unlike the studies that focused on damage detedtiggavement structurand correlation of
constituents and mix design to the engineerimgperties of paving materials, the scope of this
systematic reviewovers the performance prediction of pavements in terms of performance
indices,stress and straiand correlating the contributing factors to the damage evolution rather
than detecting esting damages. Pavement performance prediction requires a wide range of
parameters for its input datahich carbe mainly categorized under traffic data, material
properties, and climatsonditions There aregnany specifiparameterincluded in eaclof these
main categoriesSelectionof the parameters can affgoedictionresultsas well as the feasibility

of prediction model comparison

In addition,the selection of machine learning method and algoritimsild also be carefully
consideredSince this study focuses on the analysis of labelled pavement data, supervised ML
methods were included, and unsupervised and-sapervised learning methods were excluded.

When selecting the review articles, #aeclusion/inclusion criteriare

Table 2-1 The inclusion and exclusion criteria of systematic review

Inclusion criteria Exclusion criteria

I Studies using supervised ML algorithm 1 Studies predicting pavement performan

predict pavememerformance using image processing and computer
vision

9 Studies evaluating performance of ML
models on datasets and reports pertain f Studies using senrsiupervised learning
to th? accuracy and precision of the and unsupervised learniagproaches
results

9 Studieswritten in a language other than
9 Studiesusing flexible, Rigid, and English
composite pavements including either H
Mix Asphalt (HMA) and/or concrete
propertes prediction

1 Peer reviewed articles published in
conferences, journals, and as technical
reports
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Information Sources

In this systematic literature review, articles were searched from the following four databases:
Association for Computing Machinery (ACM), Institute of Electrical and Electronics Engineers
(IEEE), Transport Research International Documentation (TRID), and Scopus. All of the

databases were accessed online.

Search Strategy and Keywords

The search keywords covered both pavement engineering and machine learning aspects.
Interms othep avement side, the keywords can be summ
prediction”, “str ess e srackings,t r“elsnsteesughredsindextatli nRy ”
(I RIL) ", et c. The selected keywords for the ma
“supervised/ ussspuprevivi se dl/esamning”, “Artificial
“decision trees”, *“ Art i typesofisapervigddalgoethms.i gence (A
Table 2.2 summarizes specifiet ©f keywords and number séarch result®r each database

Finally, a total of 1,606 studies have been selected from these libraries.
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Table 2-2 Set of keywords and number of studies for each databas

Database Number of Results Keywords Used

[EEE 219 "All Metadata":pavement performance modelling OR "All
Metadata":pavement performance prediction” OR "All
Metadata":pavement condition assessment OR "All Meta-
data":pavement deterioration

ACM 42 Abstract:(pavement”) OR Title:(pavement*) OR Key-
word:(pavement™)
Scopus 833 (TITLE-ABS-KEY (pavement®) AND TITLE-ABS-KEY (perform*

OR condition OR deteriorat”) AND TITLE-ABS-KEY ("Machine
Learning" OR "supervised learning" OR "neural network™ OR
"deep learning” OR "artificial intelligence" OR "decision tree*")
AND TITLE-ABS-KEY (model* OR predict* OR assess™))

TRID 512 (pavement”) AND (“Machine Learning” OR “supervised learn-
ing” OR “neural network™ OR “deep learning” OR “artificial
intelligence” OR LSTM OR CNN OR “decision tree*”) AND (per-
form* OR deteriorat* OR condition) AND (model* OR assess”
OR predict®)

Data Selection

After thestudies were collected from the four databases following processes were

established to filter the articleitle and abstract screening and {fidkt assessment. Sied were
screened independently, adhering to the inclusion and exclusion criteria as previously mentioned.
A total of four reviewergarticipatedn the screening of the literaturghe title and abstract
screeningvas used tinclude or exclude the studidased on the abstracts' relevance. After
removing the duplicates and conducting the first screening process, sakticted were moved
ontofull-text assessment stage. At the-tekt screening processach article was reviewed

based on its entire content to make the more accurate judgment to check its eligibility. All the
screening processes involved at least t@wewers consensud minimize the decision conflict
thus ensuring the accuracy of thethesis. At the end of the fu#xt screening, there were 158
articles that passed all the inclusion and exclusion criteria and were agreed by the reviewers'
consensus to be included as the ultimate references. Thus, those 158 articles were triansferred
the data extraction stage. The PRISkHart below summarizes the selection process with the

number of articles at each step
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Screening Identification

Eligibility

Included

Table 2-3 PRISMA Chart of the data selection process

Records identified through
database searching

|EEE Digital Library (n = 219)

ACM Digital Library (n = 42
TRID (n =512)
Scopus (n = 833)

Total = 1606

!

Additional records identified
through other sources
(n=0)

!

Records after duplicates removed

(n=1370)

!

Records screened — Records excluded
(n=1370) Irrelevant (n = 783)

Full-text articles assessed
for eligibility
(n= 571)

Studies included

158 articles

13

Full-text articles excluded, with reasons

Not related to study (n = 140)

Purely material-related/Lab test based (n = 134

Full-text not available (n = 81)
Vision/image processing (n = 21)
Not peer reviewed (n = 22)
Compendium/proceeding package (n=5
In language other than English (n = 5)
Duplicate (n = 4)

Involves crack detection (n = 2)

Total =413

[
|
|
|
|
|
|
|
|
|
|
\



Discussionand Conclusion

A total number of 158 articles have been included for the data extrattibe end o$election

process. A set of assessing parameters were generated to extract the key information from each
articlewhich are algorithm type(s), input variable(s), output variable(s), data source, data size,

andmodel fit/accuracy.

Table 2-4 Commonly used algorithm types and their discussions

Algorithm types Main advantages Main limitations
NN* - Superior prediction accuracy and - Uninterpretablelecisionmaking
efficiency process

- Able to learn complex and ndimear | - Dependent on the hardware to suppo

relationships the parallel processing
RF and DT - Great visualization ability of the - Prone to overfitting
decisioamaking processing - Requires large datasets

- Able to include both categorical and

continuous variable

SVM - Highly effective in highdimensional | - Long training time when the datasets
data and unstructured data are large and/or noisy

- Difficult to choose kernel function

FL - Easy to understand - May not scale well to large and
- Flexible with vague antnprecise complex problems
data - Difficult to determine the exact fuzzy
rules
Linear and nodinear - Good generalization ability - Tendency to overfit
regressions - Easy to understand - May have high precision but low
accuracy

- Cannot describe complex relationshig

*Note: mostly used

Among those 158 studies, commonly used types of algorithms have been identified as Neural

Networks (NN), Random Forest (RF) and Decision Tree (DTJzylogic (FL), Support
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Vector Machine (SVM), linear and ndimear regressions, which predicted a factor related to
pavement performance, including IRI as used in this study (Table 2.1). In addition, the
advantages, and disadvantages of each type oithlydnave been discussed (Table 2.1).

Neural networks were used in the majority of the studies, where a wide range ofanable
typewhere included (e.g., Yamany et al., 2020; Zeiada et al., 2019; and Hossain et al., 2017
Among the studies that hawsed NN, typical prediction accurad?)ranges are higher than

90% (e.g.Ullah et al., 2020; Radwan et al., 2019; and Gu et al., 20fB¢ the model training

times are very minimum (e.g., Tarahomi et al., 2020 and Marcelino et al., 2021). However, t
major disadvantage of NN is its blabkx nature, i.e., the decisionaking process is

unexplainable.

Since one of the objectives of this research is to develop machine learning models that is capable
of explaining the decisiemaking process yehaintaining good prediction accuracy with

complex datasets, there is another type oflsed algorithms of thought that possess such
capabilities: DT and RF. DT and RF has been used in some studies predicting IRl and PCI (e.g.,
Gong et al., 208; Piryoresi and EDiraby 2018 Piryonesi and EDiraby 2020; and Piryonesi

and ElDiraby 202). In this review, DT and RF has been classified as one type of algorithm due
to their similar decisioimaking principles. Welteveloped RF models basedlarge datasst

(> 10000 data points) have also resultetigh prediction accuraciesf > 0.90) (Gong et al.,

2018;Jia et al., 201PRiryonesi and EDiraby 2020; and Piryonesi and-Biraby 2021).

For example, Gong et al. (28)1hasachieveda train accuracyR?) of 0.998 and a test accuracy

(R?) of 0.974 based on a tuned RF model for IRI prediction. The RF model consists of 500 trees
and has 18 types of input variable including initial IRI, age, AC thickness, temperature,
transverse crackingutting, potholing, etc. The data were solely retrieved from LTPP database.
The has also included single decision tree visualization for illustration purpose (Figure 2.1).
However, the final RF model had a very complex structure having 500 singlericeas a
complicated set of input variables requiring many specific types of distress such as block

cracking area and patching area. Therefore, the actual implementation of the model can be
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difficult because it needs a variety of surface condition surveyatiatgelecting an optimum

tree to represent model overall visualization is challenging when each tree can be unigue.

A study from Piryonesi and Biraby (2018) used a single tree DT model for PCI prediction and
PCI prediction The data set was simple &sting of 8 input variables (initial PCI, age,

pavement type, freeze index, maximum mean annual temperature, minimum mean annual
temperature, total annual precipitation, and road functional class) with a total size of 705. Due to
insufficient training dat, the model has only achieved an overall accur@)yof 58%. 3 years

later, another study from Piryonesi and®taby (2021) utilized RF algorithm based on 100

base learners for IRl and PCI predictions. The data size was significantly improved thamore
30,000 and the highest cresalidation accuracyRP) for IRl and PCI prediction increased to

0.95 and 0.84, respectively. However, the RF model visualization feasibility was not discussed,
and the data sources were unclear. Therefore, there is afrd@¢eeloping highly accurate

prediction models using trdeased algorithm and based on less complex input data.

The mostly used pavement type has been identified as flexible (asphalt concrete), while the
studies of other pavement types suchigid and composite are the minorities. A large range of
input variable types have been used in the previous models, including traffic, construction
history, climate, and historical distress records (Table 2.2). For example, for the prediction of
IRI, Marcelino et al. (2021) and Hossain et@019)used traffic (AADT, AADTT, and ESAL),
construction history (M&R numbers, age and AC thickness), climate (temperature and
precipitation), and initial IRI value as their input variables. In conclusion, initial IRI, pavement
age, temperature, and thicknes&(layer or total layer) were the most frequently used input
variables (Table 2.2). In addition, temperature, material properties and structural properties such
as AC bearing capacity and resilient modulus were the primary inputs for cracking and rutting
predictions (e.g., Okuda et al., 2017; Thube, 2012; and Taddesse, 2017). To explain such, asphalt
cracking and rutting trends significantly depend on viscoelastic binder properties, which is a
function of temperature change (Huang, 2004). Table 2.2 alsmaupes the common

databases for providing the input data.
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Table 2-5 Commonly used input variables for performance predictions

Input variable

Description

Major retrieval database

May include values for specific
truck classes (e.g., AADTT of Clag
9 truck)

Initial IRI* Initial IRI value after the original | LTPP and State/Provincial DOTs
construction of the pavement

Age * Age of pavement LTPP and State/Provincial DOTs

Layer Thickness* The thickness of AC layers and/or| LTPP and State/Provincial DOTs
base layers

Initial PCI Initial PCI after the original State/Provincial DOTs
construction of the pavement or
major M&R

Temperature* Annual average air temperature | LTPP

ESAL Annual equivalent single axle load LTPP and State/Provincial DOTs

AADT Includes annual AADT and/or LTPP and State/Provincial DOTs
monthly AADT

AADTT Includes annual AADT Eind/or LTPP and State/Provincial DOTs
monthly AADTT.

Precipitation Annual average precipitation LTPP
Freeze Index Annual freeze index LTPP
Humidity Annual air humidity LTPP

Material Property

Asphalt material properties and/or

base/subgrade material propertieg

Field and/or laboratory data

*Note: mostly used

Table 2-6 Commonly used output variables as performance indicators

Output variable

Description

IRI*

Future IRI values

PCI Future PCI values

Cracking Future cracking lengths and/or
cracking index

Rutting Future rutting depth
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Material property Future AC layer resilient modulus

*Note: mostly used

Table 2.3 summarizes the most commonly used output variable for pavement performance
indicator. IRl was one of the most commonked ones in many studies

such afAbdelaziz et al(2014),Jia et al(2019), Hossain et al., 201@ndZiari

(2016). Studies such as Ling (2019), Lou (200aya (2020, andOwusu Ababio (1998

have used cracking lengths and cracking index as theirtquigdictors.

Most studies have used governmental pavement databases such as U.S. State Department

of Transportation (DOT) database and natiemigle LongTerm Pavement Performance

(LTPP) database (Table 2.2). LTPP has been selected as the primagudegga the majority

of the studies such as Atbtashema (2013).ucey et al2021) and Radwan et al. (2019)

Studies that have used State DOT databases tend to focus on a smaller and regional data analysis
such as Lot al.(2001) Piryonesiand EtDiraby (2021) and Roberts and AtteBkine (1998).

Other less used databases that have used include Federal Aviation Administration (FAA) for
airport pavement (Gopalakrishnan et at., 2009
National Rod Administration (Brabaibi.edoux and Sundin, 2000).

In conclusion, moditeraturereview studiediave focused on flexible pavement and u&BidN
algorithm withthe input variables shown on table 2.2 to predict IRI, PCI, cracking, and rutting
based on LTPHEatabase and/or State/Provincial DOT databd&esliction accuracy has always

been a focus of those studies

2.2 Pavement Instrumentation Practices

Recent practice of pavement design relies on proper understanding of the mechanistic response
of pavemenstructures under varying climatic condition, traffic, and construction practices.

Although purely analytical tools such as finite element software provide a valuable resource to
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predict the pavement response, the results are not always representaigvaadiial irsitu
performance of pavement structures. Therefore, verification of the analysis results can
significantly help with better understanding the role of various factors in the way a pavement
structure may perform in loagrm, and hence can hedpgvance the current state of mechanistic
empirical pavement desigand transportation infrastructure asset manage(iabttabaee and
Sebaaly, 1990; Tabatabaee et al., 198@)this end, pavement instrumentation can help
pavement engineers and researchers better understand the actual response of the structure

through measuring the-situ parameters and responses.

Typically, in-situ pavement monitoring can be conducted viarvathods: 1) instrumentation
and monitoring of an actual-service pavement section with live traffic conditions, or 2) use of
Accelerated Pavement Testing (APT) facility which typically uses controbéiic loading

volume and contact pressyf@uan et al., 2018According to Willis (2008), there were 45 APT
experiments reported in 2002 worldwide. The nature of the traffic specifically differs when
looking at the live traffic versus closely controlledffic conditions. Theifst type will be the

focus of the ongoing Smart Pavement project.

This review provides a summary of the existing literature and past practices on the use of
pavement instrumentation to monitor the pavement performance. Théamasnwill be on the
major aspects including strain, stress, moisture, temperature, and frost penetration at different

levels within a pavement structure.

Strain Measurements

Strainbased thresholds for pavement design have been commonly used in g@vensdnt

design methods such as AASHTO 1993, Asphalt Institute (Al) method, MEPDG, and many
others. Measurement of strain distribution within a pavement structure, especially at critical
response locations, is one of the most commonly used goals of pdvestermentation. To this

end, horizontal strain measurements at the bottom of the asphalt concrete layer and vertical strain

measurement on top of the subgrade soil are two of the major points of interest. Bgh@\a.
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examples of asphalt stragauges that can be used in pavement instrumentation. In general, the
strain gauges used for flexible pavements application need to be robust enough to withstand the
compaction loads and high temperatures induced during the construction process as well as any

erosion due to longerm service.

Three major categories of strain gauges include: strain coils, foil gaugds;siraped gauges.

The foil type and some of the coil gauges need to be cemented to a carrier block which is
considered as a downside frahe complexity of construction perspective. However, the coil

type can also be attached to the layer of interest using tack coat materiatSHapét strain

gauges are one of the most commonly used types in pavement applications (BajuiReXiew

of the pavement instrumentation research indicates that there are a handful of manufacturers with
trackable record of successful use of their strain gauges for pavement projects. Willis (2008)
performed a survey of available manufacturers that seems toithéovdhte including Dynatest,

Tokyo Sokki, Kyowa, TMK, Vishay, and CTL Group

Furthermore, when selecting a proper strain gauge depending on the project expectations and
cost, one should carefully consider the costs and performance changes abaaitiatsing a
full-bridge gauge versus halhdquarter bridge counterparts, which would need additional
signal conditioning and/or more sophisticated data acquisition syé§RaitasAreny and

Webster, 2012).
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(b)

Figure 2-1 Horizontal (a) and Vertical (b) Asphalt Strain Gauges (Courtesy of CTLGroup)

Stress Measurements

Stress measurement is also another pavement structural response factor due to traff&c loadin

most cases, pavement design methods and distress analysis require that the stress measurements
also need to be coupled with strain measurements simultaneously. The stresses can be assessed
through total earth pressure cells (TEPCs) as an indicattitthre vertical stresses due to the

pavement loading from traffic. In order to measure the vertical and horizontal pressures, in the
vertical direction along with the progression of the depth, a series of pressure cells are installed

in the soil layersncluding the granular base and other unbound layers underneath the AC layer
(Figure 24, 25 and 26).

Soil pressure cells commonly consist of two circular metal plates, which can be made of steel or
aluminum. The diameter of pressure cells typically ranges from 150mm to 250mm with a
thickness 10mm to 15mm. Pressure cells with smallezd loading plated60mm) are typically
installed in HMA layers, whereas the larger ones (225mm) fit better for base layers and
subgrade. Based on the hydraulic principles, the space between the twe filiddsvith

liquids, such as silicon oil (Rab2013, which meastes the pressure based on the volumetric
change. Also, to avoid the expansion of the pressure cell diaphragm, the boiling point (typically

around 200°C) of the hydraulic oil needs to be higher than the temperature of HMA at its paving

21



phase. Al-Qadiet al, 2001)The commormanufacturers of pressure cells include but not
limited to: RST Instruments, GEOKON, Sisgeo, Tokyo Measuring Instruments, and KYOWA.

However, traditional ofifilled pressure cells have a major disadvantage: temperature change may
result in the slight thermal expansion or contraction of the filling oils. Thereforetéomgsoil
pressure monitoring should also consider seasonal temperariations and calibration based

on spot temperature measurements.

The longitudinal and transverse positioning of strain gauges and pressure cells is yet
sophisticated to be carefully considered. For example, in a single direction, if the stggga gau

are positioned too densely, not only the number of the sensors will increase, the strain value
interference may also occur if the sensors are too loosely distributed with large spacings, some
peak strain values at specific locations may not be aldegtured or this might cause some
installation practicality in terms of wires collection and redirection during the construction.

Temperature

SMA 8
AC16

AC 22

Soil pressure
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Figure 2-2 Example of BAStpavement stress and strain due to wheel loading and the measuring

equipment (pressure cells and strain gauges) (Rabe 2013)
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Figure 2-3 Road layer and sensors distribution (Maadani et al, 2015)

Figure 2-4 Example of BASt 2nd generation aluminum soil pressure cell (Rabe 2007)

Temperature Monitoring

In addition to the traffic loadings, environmental conditions such as temperature and moisture

level are also may factors affecting the pavement performance. Pavement surface rutting may

occur as the high temperatures in summer lower the stiffness and the stability asphalt concrete

layers. On the other hand, base layers with poor drainage characteristics saghyamaterial

suffer from heavy precipitation resulting in a decrease in overall structural capacity. Temperature
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variations and freezéhaw cycles can also accelerate pavement deterioration such as block
cracking and thermal cracking. Therefore, to betteferstand the pavement distress,
mechanistic response monitoring needs to be paired with environment condition monitoring

concurrently.

There are several types of temperature data collection methods and equipment such as
thermocouples, thermistor prahenonolithic integrated circuits, and photoelectric system.
Thermocouples arene of the most commonly used temperature sensors due to their simple
design, robustness, and cefficiency (Tabatabaee and Sebad§90) TypeT thermocouples
(Figure 27), which are made of copper and constantan, have temperature measuring range from
below zero to about 37Q (700 F) and a measuring accuracy of abbl8 F (Tabatabaee and
Sebaaly,1990).

Since the heat transfer is based on layer thickness and mptepatty, thermocouples are
required to be installed in surface layers and soil layers in various depths. In the solil layers,
consistent intervals (100mm) between thermocouples in vertical directions were suggested
(Figure 2.6) (Maadani et al, 2611

Type T Thermocouple Grade Wire

Figure 2-5 Type-T Thermocouple (Courtesy of IQS Directory)
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Figure 2-6 Thermocouple installation (Maadani, 2015)

Moisture and Frost Monitoring

Freezethaw cycles represented by cold winters and warm summers are more common in Eastern
Canada and in other similar climate zones. In winter, the water molecules in soil freezes when
the temperature drops below freezing point. Then, the frozen watecui®kexpands in its

volume, thus increasing the void ratios of granular layers and subgrade. However, when spring
begins and temperature increases, the stability of the base layers and subgrade will be reduced
due to the thawing process. In addition, fqosnetration depth fluctuates depending on air
temperature and solar radiation. Therefore, moisture monitoring and frost penetration monitoring
are crucial to the Hsitu pavement instrumentation, especially in cold regions such as in

Canadian climate. $h monitoringalso provide feedback to the drainage design to avoid the

excessive soil moisture atigereby improvinghe structural stability.

Watercontent reflectometer sensor (Figur@)2s one of the most commonly used probes for the
moisture contet monitoring. This type of sensor measures the unfrozen water content by volume
in soil (Maadani, 203). Common watecontent reflectometer sensors are CS615 and CS616

manufactured by Campbell Scientific.
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Resistivity Probe Sensors (Figurd@, typically made from PVC rods, are used to detect frost
depth. The probe identifies soil resistance change due to freezing or thawing, and the paired data

logger record such resistance changes.

Figure 2-7 In-situ water content reflectometer (Maadani, 2015)
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Figure 2-8 In-situ CRREL resistivity probe (Maadani, 2015)

Data Acquisition System

To ensure the data quality and quantity, afietlataacquisition and control system is critical
component of the instrumentation setting. Typically, the data acquisition systems collect, store,
organize, and digitize the raw data transmitted from embedded sensors. The data acquisition
system consists of hake@re units and data processing software (Figut®2.The primary

purposes of the data acquisition and control system are: signal conditioning, isolationt@nalog
digital conversion, digitalo-analog conversion for the hardware units; the data progess

software is responsible for data reduction and analysis, control algorithms, and permanent data
storage (Mohammad et al, 1994). Depending on the specific instrumentation setting and data
requirements, the data acquisition and control system variag¢rid2 and 2.B).
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Typical data acquisition hardware including sets of static and dynamic data loggers, and
communication devices are assembled in a weattaaf panel (Figure 24) near the

instrumented pavement section. Static data loggers, whidftareused to record

environmental data, may require long durability, versatile operation conditions in terms of
climates and fewer calibration needs. Model CR10X is an example of such equipment that is
manufactured by Campbell Scientifidlaadani, 205). On the other hand, dynamic data loggers
that are commonly used to record stress and strain, require fast and yet precise readings, agile
sensitivity, high reading consistency, and also long durability. Model CR9000 manufactured by
Campbell Scientifigs an example of such systefiaadani, 205).

When one is designing the hardware system, some important aspects need to be considered: the
instrumentation sensor properties and output range, the data reading frequency, finding the
optimum number of sensors that is optimum for the data samplingaege (lumber of sensors

may lower the sampling rate due to the limited system capéklgadani, 205).
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The main duties of data acquisition software are raw data processing and visualization. A
complete data acquisition, analysis, and penetration system must need appropriate software.
Typical software manufacturers include ROMDAS, Omega, and K&eyher, among others.
However, the software evolves faster and varies more comparing to the hardware, but the basic
principles of the software selection and developments follow such rules:

9 Data processing efficiency

1 Comprehensive yet detailed representation of raw data

1 Userfriendly interface for clear interpretations

1 Takes full advantage of the Data Acquisition Processor (DAP) specifications in the

Graphical User Interface (GUI) environment (Mohammad et al, 1994).

Example Instrumented Sections

To improve current and future pavement instrumentation practices, the/r@vpast instrumented
field sections is necessary as it helps identify underlying issues. Two example projects were briefly

discussed below.

Started in 1998 and ended in late 1999, Virginia Department of Transportation (VDOT)

conducted a pioneering srhpavement instrumentation project. The test section has a length of

3.2km, a width of 100m, and several different depths. The monitoring sensors in¢ligled

2.15) pressure cells, strain gauges, thermocouples for temperature recordingratier for

soil moisture recording, and resistivity probes for frost depth detecting. The data acquisition

system collects and processes both static environment data and dynamic stress and strain data.

Pavement response data were later collected withtiagésick of controlled loading tire

pressure and controlled speeds over ayaa period. In the end, finite element models were

applied to verify the pavement response results. The final results showed that the effective

bonding conditions at the infaces between road layers may be necessary to be taken account

into for accurate performance predictions (Barriera et al, 2020). However, the project did not

include the longerm daily traffic loadings, but only used the experimental truck with controlled
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volume and weight. The lack of arbitrariness without actual traffic conditions may result in

overfitting issues in pavement response analysis models.

Figure 2-13 Sensor overview and installation for pavemeninstrumentation.

(a) Pressure cells, (b) Fshaped asphalt strain gauges, (c) thermocouples,
(d) TDR probes, and (e) vibrating wire strain gauges (AQadi et al, 2004)

In 2011, the state of Virginia conducted anothesitn pavement monitoring project Wit

improved instrumentation practices on the State Route of 114 (Fig@&e Rath controlled
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traffic and actual traffic were applied. In addition, poshstruction M&R activities were taken
into account. The objectives of this study included trafficsif@sition, inverse calculation for
weighin-motion in addition to the pavement structural health monitoring. Sensory system that
was similar to the previous one in 1998 were used including strain gauges, pressure cells,
thermocouples, and soil moisturepes. Instrumentation layout was carefully designed (Figure
2.17) in order to collect multiple types of data at a time. The vehicle wandering was estimated
beforehand. Five horizontal strain gauges were place in transverse direction to accommodate
different wheel paths. Sensor positioning is the key to the accurate inverse calculation of

pavement mechanical conditions with applied loads (Barriera et al, 2020).

FEA modelling in ABAQUS was applied to check the proper functioning of the sensors after
installaion by verifying the inverse calculation of asphalt dynamic modulus and prediction
distresses. As a result, traffic volume and speed were able to be estimated usiteycdated
AC modulus and vehicle weight from weightmotion scales. Also, Mechatis Empirical

Pavement Design Guide (MEPDG) method was used to predict fatigue cracking and rutting.
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Figure 2-15 Pavement monitoring system outlook of the second Smart Pavement Project in Virginia
in 2011 (Wang et al., 2012)

Modern Instrumentation Trends and Innovative Technologies

In the past a few decades, pavement instrumentation relies more on the static measurements
where there is a lack of lortigrm continuous data collection. However, modern data analysis
methods suchs Al require more consistent, continuous, and dynamic data in order to investigate
the underlying pattern. Therefore, a letegm Structural Health Monitoring (SHM) system

should be implemented to provide réiahe and continuous monitoring of pavemersp@nse

and structural condition. In addition, modern SHM with wireless technologies ease the data
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collection yet increase the dajaantityand improve data quality without frequent site visits. A

properly implemented SHM also lowers the life cycle c@stsari, 2007)

SHM typically consists of sets of wireless and/or wired sensors that are capable of capturing the
simultaneous structural response to the loadings and material and climate conditions within the
pavement structural. Due to its high sendiiwersatility, and superior durability, Optical Fiber
Sensing (OFS) has been a leading branch of the wireless sensing systems (Dong, 2017). Current
OFS tracks changes in temperature, strain, and other parameters by detecting the induced
wavelength and &quency of light travel (Figure28and 219). This multifunctional sensor

allows to reduce the need of other devices that may lower the total equipment cost.
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Figure 2-16 Optical fiber sensorconfigurations and functioning (Ansari, 2007)
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Figure 2-17 A typical fiber optic sensor for embedment in concrete (Left); Embedded fiber optic

sensors during concreting operations (Right). (Ansari, 2007)

Summary of Findings and General Considerations

Pavement response monitoring is crucial to the structural health maintaining and an essential part
of modern pavement management systersitbninstrumentation is the foundationsiaech

monitoring. Based on the current pavement instrumentation literature review, the sensory system
can be organized into two major categories: structural monitoring and environmental monitoring.
Also, depending on the length of the data collection peri@y, ¢an be divided into sherm

or longterm,dynamic,and static groups. In order to have comprehensive pavement response
data, all monitoring groups need to collect data simultaneously. This paper summarizes the
previous pavement performance monitonorgctices and the use of essential data collection.
equipment. The review has identified the types of data that neecctdlée strain, stress, soil
moisture, pavement temperature, and frost penetration depth. Most commonly used data
collection devicesre also listed: Fshaped AC strain gauge, soil pressure cell, temperature
thermocouple, soil resistivity probe, tindemain reflectometry moisture sensor, and data
acquisition hardware set. Furthermore, two example instrumentation projects in Virgiaia we

discussed.

For the strain gauge selection, whether using ebiudlge gauge, or a hadéindquarter bridge
counterpart which would need additional signal conditioning and/or more sophisticated Data
Acquisition systems, should be carefully consider&t e costs and performance. The

operation temperature range of pressure cells should be greater thasithégmperature range

to minimize the hydraulic oil thermal expansion/contraction. Field calibration of pressure cells is
required and is oftemalidated by nofdestructive testing such as FWD (Tabatabaee and Sebaaly,
1990). As for horizontal and vertical instrumentation layout design, adequate spacing should be
maintain between sensors to avoid interferences and to control the number of egaipirtaet

cost. When installing the soil resistivity probes for frost depth monitoring, to ensure the result

accuracy, the copper rings on the probes that conducts electric pauses must have proper contact
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with soil particles over their entire surface ar&kQadi, 2004). In addition, data acquisition
system, including the hardware parts and the data processing software, plays a key role in
instrumentation projects. The system should be carefully designed and customized to fully
accommodate sensor outputs.

Traditional instrumentation methods need frequent field visits. However, recent innovations in
instrumentation focus on wireless technologies and internet of things (IoT), which provide long
term and reatime pavement structural health monitoring with c¢éenaccesses. Having more
guantitative understanding and monitoring of pavement conditions would benefit life cycle cost

optimization.

Although many previous instrumentation practices were review, specific instrumentation system
designs are still sitspecific. Maadani et al. (261 suggested a few key considerations for
instrumentation design:

1 The measurement range and output type e

T Sensors’™ functioning mechanism must be com

1 The life expectancy of sensors

1 Other limitations related to the magnetic surrounding environment.

T Manufacturer’'s specificati onrsfullgexammedans out p

the selection process and inspected during installation
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Chapter 3

Data Analysis and Machine Learni

3.1 Introduction

In the past few years, a considerable number of studies had performed predictive modelling for
pavement data analysis using modern Al/ML method. Based ditettadurereview from

Chapter 2, highrediction accuracy has been the main focus from the prewtudies and ANN

was the most commonly used algorithm allowing their models to achieve an aRéddEe90.
However, in the field of pavement management, the M&R decisiakings should not solely
depend on accuracy but the proper understanding oicpoedlogic and reasoning de

algorithm can be informative

Treebased algorithms including Decision Tree (DAgwever, have not been frequently
investigated from the review studiddthough promising results can be seen from the literature
review,DT still needto be investigatedl improve accuracy and interpretability of the existing

model predicting pavement performance

Based on theystematiaeview results, and with a large number of historical records on LTPP
database, IRI has been the primary prediction variable used in the previous studies. In terms of
pavement engineering, IRRidex generalizepavement surface conditiobsit does not inform

specific distressLTPP databased is the largest pavement database in North American and was
the most extensively used databased among the literature review studies. Thartfisretudy,

LTPP database was selected as the mainstat@e due to its wideange data types, and IRI

was selected as the main output variable due to its meaning and vast amount of records. As for
the algorithms, decision tree and random forest were selected due to their great visualization
capability and daptability to noisy data. Many of these studieggmoven promising results

using the statef-art data analysis techniques, but there is lack of transparency and interpretation
of the LTPP data processing among those studies. Data quality and carentitbe of the

essentials to achieve the high prediction accuracy regardless the types of prediction methods or
39
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algorithms. Hence, in this study, the focus was not only the implementation of machine learning
approach and the modelling methodologies, beitdibtailed data processing procedures

combined with pavement engineering concepts were explained with traceable sources and
directories on LTPP database. As LTPP is a large complex database, demonstrating the data
selection and processing allows futuresi@shers to reproduce/replicate datasets that can be

used for prediction model advancements. More specifically, by identifying underlying issues in
LTPP, these procedures also help the users to retrieve more consistent and complete datasets. In
addition, his chapter selected and explained the data that are strongly related to pavement

roughness and distress based on empirical pavement engineering knowledge.

Overall, a carefully prepared datasetrievedfrom LTPP was used for IRI predictions based on
aDT modeland aRandom ForesiRF) model.Then, the IRI prediction process and results were
discussed and decision tree(s) were visualized to interpret the prediction process. To further
improve the prediction accuracy and model generalization capabibiyelntuning and

hyperparameter optimization were also covered in this section.

3.1.1 Pavement Databases

Database is considered as a core part of the modern PMS which provides necessary quantitative

and qualitative information regarding decisiorakingsat different levels of PMS (Ha&s al,

2015. A comprehensive database is required to serve as a basis for the following pavement

performance data analysis. Typically, several types of data are being recorded and stored in the

PMS database: constructiand M&R history, pavement quality measures (distresses,

roughness, skid resistance, and structural evaluation), and other special design and research data

(Haaset al, 1994). The major function of PMS database is that the stored data can be further

utilized and processed to performance various types of analysis and thus control the decision

makings of M&R activities. To provide a solid foundation of different types of performance

prediction models, a significant amount of data with toergn yet systematirecording scheme

are needed. Many State DOTs and municipalities started to value the importance of pavement
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data analysis and management by constructing their own pavement databases in a few decades
ago. The quality and amount of data is crucial to tita dnalysis. Comparing to region and
municipal PMS databases, LTPP is a unique blend of paveelat¢d data from many agencies

in different climate zones and with various scales of pavement network. The development robust
and versatile pavement perfomta prediction models demahgyh-quality data. In terms of the

field of Al and ML, model training and prediction accuracy typically represent a positive
relationship with data quality and quantity. Hence, in this study, LTPP was selected as the

primary ddabase for the following machine learning data analysis.

Long-Term Pavement Performance (LTPP) Database

Long-Term Pavement Performance (LTPP) database, initiated by Strategic Highway Research
Program (SHRP) in early to mitP80s asollaboration of the U.S. Federal Highway

Administration (FHWA), Transportation Research Board (TRB) and American Association of
State Highway and Transportation Officials (AASHTO), is the largest pavement database in
North America (FHWA, 2019). LTPP datakes intends to incorporate a wide range of data that

are related to pavement infrastructure. One of the initial objectives of the LTPP program was to
help build better performance prediction models for pavement design and management. The
principal categaes of data included on LTPP are pavement structure and construction, climate,
traffic, performance and distress, and material (Figure 3.1) Over millions of records were stored
from 2581 pavement sections from 62 States/Provinces across the U.S and Masadadata

on LTPP were stored beginning in 1989 which provides a 20 to 30 years of data coverage period.
Figure 3.2 illustrates the processes of LTPP data collection, storage and analysis. LTPP is a
relational database which consists of separate kaedetables of data (FHWA, 2019). The
database is Iimplemented in Oracle 12 format.
System (AIMS) collects, converts and organizes raw data into formal categories as known as
Pavement Performance Database (PPDBase ¢he data selection. User can easily access the
database and generate the request of data download in various methods: Microsoft Excel, SQL,
and Microsoft Access (FHWA, 2019).
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3.1.2 International Roughness Index

There are many indices that are used to define and evaluate the pavement condition, behavior,
distress, and response. Some common indices are International Roughness Index (IRI), Present
Serviceability Index (PSI), and Riding Comfort Index (RCI), etc. Rearg Condition Index

(PCI) and Surface Distress Index (SDI) are often used to summarize the surface distresses. In
PMS, these indices can be modelled to assist in the initial design and M&R decadtorgs. In

this study, IRI will be used as the major penent deterioration indicator due to its data

availability on LTPP and high popularity in literature review studies.

The international roughness index (IRI), initially developed in 1980s to represent pavement

surface conditions in a quantitative methoas been widely used in many transportation

agencies worldwide. The calculation of the index is based on a moving egertarhicle math

model that quantifies the total vertical vehicle body movement due to the uneven pavement
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surface with distresses withl kilometer of travelling distance. The typical vehicle operation
speed is 80 km/hr (MDOT, 2017). The metric unit of IRl is in meters per kilometer (m/km) and
empirical unit of IRI is in inches per mile (in/mi). IRI data collection procedures shalthrrond

ASTM E950 standard. Higher IRI values indicate rougher pavement surfaces with high distress
severity and density, whereas lower values indicate smooth riding conditions with better distress

ratings. However, IRl does not indicate pavement structaradition and specific distresses.

Typically, IRI is surveyed using mechanical systems where vertical movements are measured
based on Distance Measuring Instrument (DMI) and laser equipment installed on automatic road
analyzer (ARAN) vehicle for largecale measurements at high operation speeds or portable laser

IRI profiler for smaltscale at low speeds.

IRI value class can vary based on different roadway function types and agencies. For example,
IRI is categorized into 3 class by The Michigan Departroéiransportation (MDOT, 2017):

1 Good: IRI <95 in/mi (1.5m/km)
1 Fair: 95 in/mi < IRI < 170 in/mi (1.5m/km < IRl < 2.7)
1 Poor: 170 in/mi < IRI (2.7m/km < IRI)

3.2 Data Preparation

3.2.1 Data Selection

Data are typically retrieved and delivered in a format of Microsoft Excel tables or Microsoft
Access files. Using either the web page of the LTPP or SQL codes can direct to and generate the
data sets that users want. In this study, a combination of bbtipage operations (Figure 3.3)

and SQL (Figure 3.4) were used to locate and download the desired data tables.
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[ Primary Data Classification | KeyField
55 Primary Data B Basic Fields
[[] Advanced Data Classification fH Advanced Fields

77 Advanced Data

& [ Pavement Distress

m [ WAC

= [C] WJPcP

& [C] B CRCP

& [7] [ Surface Characteristics

&+ [¥] [ Longitudinal Profile (IR1)

i+ [/]Section Level IRI

&+ [C] [ Transverse Profile (Rut)
- (] [ Texture

= [ Backcalculation and Deflection
&[] [ Backcalculation

& [ [ Deflection

Figure 3-3 LTPP data selection using web operations
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Output | Expression Aggregate Alias Sort Type | Sort Order | Grouping | Criteria Or...

IEI MON_HSS5_VISIT_NO.STATE_CODE STATE CODE ASC 1
(%) [ MON_HSS_VISIT_NO.SHRP_ID LTPP SECTION IL ASC 2
(%) 73 MON_HSS_VISIT_NO.VISIT_DATE VISIT DATE ASC 3
(%] 7 Round(Avg(MON_HSS_PROFILE_SECTION.IRI_LEFT WHEEL_PATH), 2) AVG LEFT WHEEI O
(%) [% Round{Avg(MON_HSS_PROFILE_SECTION.IRI_RIGHT_WHEEL_PATH), 2) AVG RIGHT WHEI )
(%) [[] MON_HSS_PROFILE_SECTION.VISIT_NO
O] m} O
Refresh

SQL Editor @

Select MON_HSS_VISIT_NO.STATE_CODE As "STATE CODE",
MON_HSS_VISIT_NO.SHRP_ID As "LTPP SECTION IDENTIFIER
MON_HSS_VISIT_NO.VISIT_DATE As "VISIT DATE",

Rnund(f\vgtMON H35_PROFILE_SECTION.IRI_ LEFI' WHEEL_PATH),
2) As "AVG LEFT WHEEL PATH IRI",

Rnund(ﬂ\rgtMON HSS_PROFILE . SECTION. IRI_RIGHT_WHEEL_PATH),
2) As "AVG RIGHT WHEEL PATH IRI"

From MON_HSS_PROFILE_SECTION
Inner Join MON_HSS_VISIT_NO On MON_HSS_PROFILE_SECTION.VISIT_NO =

MON_HSS_VISIT_NO.VISIT_NO
Group By MON_HSS VISIT NO.STATE CODE.

BN

Clear Preview Data Add to Data Bucket

Figure 3-4 LTPP data selection using SQL

Although LTPP contains a great abundance of pavenedatied data where there are 15 modules
of data with a total number of more than 600 tables, selecting the meaningful and consistent data
for IRI predictioncan be complicated and challenge. Based on the results from the literature
review and empirical pavement engineering knowledge, there are a wide range of factors can
possible contribution to pavement deterioration. The basis of the data selection noghadal
be summarized as:

1 Step 1: Find out and understand the specific data in search of

1 Step 2: Refer to the LTPP user manual to locate the tables that contain the target data

using SQL and/or HTML operations

1 Step 3: Download the table and checkabasistency and quantity of the data

1 Step 4: If the data quality and quantity are not satisfactory repeat Step 2

Note: One type of data can be stored on multiple tables. While implementing step 4,

discussions with a pavement specialist are required.
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In terms of data quality, here it refers to the consistency of the combined data set for machine
learning data analysis, where every input and output variable value cannot be left as empty.
Since the predicted IRI values are on an annual basis, other daassMBDTT and freeze

index of the years when IRI values were recorded need to be available as well. For example, the
data quality is undesirable when there are 10 IRI records for each year-yearieriod but

only 5 AADTT records were found.

3.2.2 Data Cleaning and Assembly

When selecting the data tables, they need to be combined and cleaned to prepare a large dataset
for modelling purpose. These data tables are not interconnected and contain the data from
different LTPP test sections in different geaphical locations. To join and combine the separate
data tables, relational fields are used as linking keys (Table 3.1). The diagram below illustrates
the example relationships between interrelated tables by connecting their related fields (Figure
3.5).This example shows a combination of three categories of data tables: annual temperature
data (CLM_VMS_TEMP_ANNUAL), traffic data (TRF_TREND), and construction histories
(INV_AGE) for all available test sections on LTPP (Figure 3.6). The tables can only be

combined when all relational field values are matched (i.e., same State/Province, same test

section, and same year/date).

Table 3-1 LTPP data relational fields

Relational Fields Description Example
STATE_CODE An identifier for 42 (Pennsylvania)
State/Province. Composed of

two-digit numerical value.
SHRP_ID An identifier for a single test | 42-1614 (State College,

section or a group of test Pennsylvania)

sections. Composed of

alphanumeric characters.
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CONSTRUCTION_NO

A cumulative count of
construction and M&R events

for each test section.

1 (Original construction)
2 (Original construction and

one following M&R event)

YEAR/DATE

The year or the date that the
data entry has been recorded

1998
Jan/1/1998

Pavement Structure .
and Construction

STATE_CODE
SHRP_ID
YEAR/DATE

<> STATE_CODE
<> SHRP_ID
<> YEAR/DATE

<> STATE_CODE
<> SHRP_ID
<> YEAR/DATE

Combined data set

<> STATE_CODE
<> SHRP_ID
<= YEAR/DATE

Figure 3-5 LTPP data entity relationship example illustration
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CLM_VWS_TEMP_ANNUAL =3
,-' VWS_ID VARCHARZ Virtual Weather Station Identifier

~ 4 YEAR NUMBER Year

D MEAMN_ANM_TEMP_AVG NUMBER Average Annual Temperature Average

D MEAM_AMM_TEMP_DAYS NUMBER Average Annual Temperature Days

D MAX_AMM_TEMP_AVG NUMBER Maximum Annual Temperature Average

D MAX_AMN_TEMP_D&YS MUMBER Maximum Annual Temperature Days

D MIN_ANN_TEMP_AVG MUMBER Minimum Annual Temperature Average

CLM_SITE_VWS_LINK o

] STATE_CODE NUMEER State Code

+] SHRP_ID VARCHARZ LTPP Section Identifier

¥ VWS_ID VARCHARZ Virtual Weaather Station Identifier
[ ] RECORD_STATUS VARCHARZ Record Status

e o w5

D - -

STATE_CODE MUMEER State Code SHRP_ID VARCHARZ LTPP Section Idantifiar
SHRF_ID VARCHARZ LTPF Section lc STATE_CODE MWUMEER State Code
COMSTRUCTION_MO MUMEER Con:  ————f | CONSTRUCTION_NO NUMBER Construction Numbet
YEAR NUMEER Yaar CONSTRUCTION_DATE DATE Construction Date
[[] AADTT_ALL_TRUCKS_TREND NUME [] TRAFFIC_OPEN_DATE DATE Traffic Open Date

[} ANNUAL_TRUCK_VOLUME_TREND | |_] CONSTRUCTION_COST MUMBER Censtruction Cost
D MDTT_VEH_CLASS_‘_TREND LB Il vFAR WINFNEN NLIMBFR Yaar Widanad

[[] AADTT_VEH_CLASS_5 TREND NUM
[[] AADTT_VEH_CLASS_6 TREND NUM
[] AADTT_VEH_CLASS_7_TREND NUM
[[] AADTT_VEH_CLASS_8 TREND NUM

Figure 3-6 Detailed LTPP data entity relationship between AADTT, pavement agand annual

temperature

In the field of modern data analysis, AI/ML model prediction accuracy is a reflection of data size

and data consistency. Model training is learning process for algorithms. Similar to human

intelligence, welldeveloped knowledge amdx per i ence <can henbkngsa per s ol
and reactions when an unknown situation is introduced. To conclude such, sufficient amount of
training data may be beneficial to the test accuracy. Therefore, having a relatively large data size

has been alwe a major objective throughout the data collection and cleaning process. In
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addition, along with other aspects to consider, the overall objectives of the LTPP data processing

were summarized as:

Data types that:

T
1

== =4 4 =2

Have a large amount of records

Are widely recorded and available for the majority of the test sections

Are well-recorded with consistently collection frequency (e.g., no missing data in a
specific year)

Are meaningful to pavement performance/deterioration

Are consistent with the results from literature review

Are universal and feasibly obtainable for various States/Provinces/Agencies

Have low complexity

3.2.3 Challenges

Data consistency has large imfgon model prediction accuracy. Noisy data can limit the

algorithms to reach the optimum performance. Although LTPP consists of huge amount of

pavementelated data, it started storing data more than 30 years ago where there was a lack of

future vision ofdata usage for advanced data analysis. Select valuable, meaningful yet consistent

data from LTPP was quite challenging. In other words, datasets on LTPP are often too

inconsistent for ML data analysis because it was not intentionally designed for slysisana

decades ago. For many researchers, LTPP data analysis has always been an uncharted territory

with continuous exploration of data interpretation and solutions to the data noise.

In this study, the major steps and challenges of the data cleaameg w

T

T
T
T
T

Match the records that had different collection frequencies and schedules
Discover the methods to represent and absorb IRI fluctuations due to M&R
Redefine the initial IRI values

Select the data tables have the best data qualities and quantities

Create new data based on existing data when it is necessary
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Data Inconsistency and Missing Data

To match a type of data to another, 2 to 3 types of relational fields were used: location reference
(STATE_CODE and SHRP_ID), time reference (YEAR, MONTH, or DATE), and construction
events (CONSTRUCTION_NO). Each test section only correlates to one fooafiwence and
butwithin a certain time period, the number and the collection time of records can be different.
For example, annual average daily truck traffic (AADTT) data are recorded on an annual basis
meaning 1 value for each year in each test seddowever, pavement condition survey can

occur multiple time in a year or in a month; as a result, there could me more than 1 IRI record in
a year for a specific test section which illustrate an example of data inconsistency on LTPP.
Table 3.2 shows an ample of combined AADTT and mean IRI data for test section 1617 in
Pennsylvania. Seen from the table, IRI recording started in 1989 and ended in 2004, however,
AADTT records were only found between 1998 and 2004. In addition, there were years that both
AADTT and IRI records were not found (1996, 2000, and 2001). Such inconsistency may
drastically reduce the available data size and thus affect the modeling performance. Thus,
without acquiring missing data from other sources, data from different test sectbns

States/Provinces were combined into a single data set to maximize the data size.

Table 3-2 An example showing data inconsistency on LTPP

STATE_CDDﬂSHRP_ID QONSTRUCTION_NO | VIST_DATE|Mean IRl [ YEAR |AADTT [Note

42 1617 1| 12-02-1989 2.25| 1989| N/A[Missing AADTT records

42 1617 1| 05-15-1990 2.28| 1990 N/A[Missing AADTT records

42 1617 2| 10-09-1991 0.83] 1991 N/A[Missing AADTT records

42 1617 2| 10-15-1992 0.81) 1992] N/A[Missing AADTT records

42 1617 2| 10-15-1993 0.85[ 1993| N/A[Missing AADTT records

42 1617 2| 09-13-1994 0.84| 1994 N/A|Missing AADTT records

42 1617 2| 11-10-1995 0.86] 1995| N/A|Missing AADTT records

42 1617 2 N/ A N/A| 1996 N/A|Missing Both AADTT and IRI records
42 1617 2| 11-11-1997 0.87[ 1997| N/A[Missing AADTT records

42 1617 2| 08-04-1998 0.9 1998 3680

42 1617 2| 10-13-1999 0.91| 1999 4078

42 1617 2 N/ A N/A| 2000| N/A|Missing Both AADTT and IRI records
42 1617 2 N/ A N/A| 2001| N/A|Missing Both AADTT and IRl records
42 1617 2| 06-01-2002 0.91| 2002 4200

42 1617 2| 12-04-2002 0.91| 2002| 4200|More than 1 measurement per year
42 1617 2| 11-08-2004 0.93| 2004| 4299

51



Climate Zoning

Although combining the data could enlarge daga size, it was unclear that if there are potential
differences between different locations. Based on pavement engineering knowledge, bituminous
materials are sensitive to temperature change and have dynamic modulus under different
environment settingsSubgrade soil properties are also affected by temperature and moisture.
Some previous performance predictive modelling studies (Hossain et al., 2018; Zhang et al.,
2017; Piryonesi and EDirby., 2021) have segmented data sets based on the climate regions
(Figure 3.7). Hence, for this study, climate zoning was introduced to mitigate the potential data
noise caused by geographical difference. Climate zoning was first recorded as a type of
categorical data along with other continuous numerical data such a$ AAdDinitial IRI. In

order to process this combined data set, climate zoning data was digitized using binary

classification while other numerical data remain unchanged (Table 3.3).
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Figure 3-7 Climate regions on LTPP for pavement test sections (Zhang et al, 2017)

52



Table 3-3 Digitized climate zoning for LTPP data

Climate Type | Climate Type | Climate Type | Climate Type | Climate Type
1 2 3 4
Wet, NonFreeze 1 0 0 0
Wet, Freeze 0 1 0 0
Dry, NonFreeze 0 0 1 0
Dry, Freeze 0 0 0 1

Table Selection Dilemma

On LTPP, one type of data can be stored on multiple tables. For example, on table 3.4, in terms
of traffic data, annual average daily traffic (AADT), annual average daily truck traffic (AADTT),
and equivalent single axle load (ESAL) can all be found ih B&F_TREND and
TRF_MON_EST_ESAL tables. In TRF_TREND table, data are composed of statistically
computed and estimated traffic value, whereas TRF_MON_EST_ESAL table includes annual
estimated values from actual test section measurements and monitorirdyoBassement
engineering judgement, using TRF_MON_EST_ESAL may provide more realistic and accurate
data, but its records are relatively inconsistent, and the total data size are much less than that of
TRF_TREND table. In addition, AADT was not included RF_TREND table but on the

other. However, heavy vehicles are the major contributors to pavement distress. Pavement design
methods such as AASHTO 1993 and AASHTOWare ME are only considering truck traffic
(AADTT and ESAL). Thus, AADT can be and were ex@ddIn terms of machine learning data
analysis, data size and quantity matter significantly. Therefore, TRF_MON_EST_ ESAL table
was replaced by TRF_TREND table.
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Table 3-4 Traffic data table comparison

Datatypes Table: TRF_TREND Table:
TRF_MON_EST_ESAL

AADT N/ A In consistent amount of records
AADTT Good amount of records In consistent amount of records
ESAL Good amount of records In consistent amount of records
Recording sche me Computed & Estimated Mo nitored Values

Value

Initial IRI and M&R History Representation

By definition, the first initial IRI value of a test section refers to the measurement immediately
after the initial construction and traffic opening. However, a significant number of test section
pavements were initigllconstructed prior to 1989 and before LTPP started to collect surface
distress data. This means the first initial IRI values for those test section cannot be found on
LTPP database but may be stored on some local plejeltPMS databases. In this stuéyr

each test section, the first IRl value recorded on LTPP after 1989 is regarded as the first initial

IRI since the original construction.

IRI value increases along with pavement deterioration which is typically a positive function of
time. Howeverpostconstruction maintenance and rehabilitation (M&R) activities may result in

the sudden decrease of IRI value (Figure 3.8). Major M&R events such as milling, HMA overlay
and reconstruction can result in a large IRI value drop yet may have only fewdtimas the

service life; minor M&R activities such as crack sealing and pothole patching have higher
frequencies and often cause small fluctuations. As a result, the use of a single initial IRI value for
each test site cannot adapt to the cycles of IRievehange due to the major improvements. To
incorporate these IRI value drops, once a major improvement has occurred, the initial IRI is
updated from the previous initial IRl value. The time intervals between the current year and the

year of initial consuction or latest improvement are also calculated as the age since previous
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construction or improvement. Furthermore, the number of M&R constructions after 1989 were
counted as a cumulative value as CONSTRUCTION_NO. Overall, by having this set of
procedurdhat includes multiple upo-date initial IRI values, age since last construction, and the
number of improvements, the construction history can be numerically represented and localized
on the timeframe for each section which provide great adaptabijiigv®ment condition
improvements. Also, IRI values were averaged into a single value if there were more than 1
records found per year. Table 3.5 shows an example of the initial IRl and M&R history

representation.

Change of IRl Over Time with M&R Activities

Major Surface Improvement

IRI

Minor Surface Improvement

Year

Figure 3-8 Change of IRI over time with M&R activities
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Table 3-5 Example of defining initial IRI (MRI0), age since last M&R (AGEOQ), and the number of
constructions (CONSTRUCTION_NO)

STATE CODE|SHRP ID |GCONSTRUCTION._NO [Mean IRl (MR)) [YEAR [ Initial MRI (MRIO) | AGED
2| 1617 1 225 1989 2.25 0
2| 1617 1 228] 1990 2.25 1
2| 1617 2 083 1991 0.83 0
2| 1617 2 0.81] 1992 0.83 1
2| 1617 2 0.85] 1993 0.83 2
2| 1617 2 084 1994 0.83 3
2| 1617 2 0.86] 1995 083 4
2| 1617 2 0.87] 1997 0.83 6
2| 1617 2 09| 1998 0.83 7
2| 1617 2 091] 1999 0.83 8
2| 1617 2 091] 2002 083 11
2| 1617 2 093] 2004 083 13

3.2.4 Final Input Data Selection

In the end, a total number of 17,147 rows of data were gathered at the end of the data mining
process from LTPP. The tables below show the data groups for pavement structure and
construction (Table 3.6), climate (Table 3.7), traffic (Tab8,3and performance (Table 3.9)
respectively.

Pavement structure and construction

Table 3-6 Final data for pavement structure and construction

Source table on LTPP

CONSTRUCTION_NO Cumulative number of TST_os5B
construction event

ORG_AGE Age since original PROJECT_HIST AGE
construction

AGE0 AT (years) since latest EXPERIMENT_SECTION
construction event

Total_AC_ thickness Total surface asphalt layer TST_o5B
thickness
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Climate

Table 3-7 Final data for climate

Dataname Description Source table on
LT PP

Climate_Zone Climate zones on LTPP: dry/ wet and MERRA_GRID_SECTI
freeze/ non-freeze ON
TEMP_MEAN_AVG Average of the daily mean air MERRA_TEMP_YEAR

temperatures 2 meters above the
MERRA centroid

FREEZE_INDEX Freeze index MERRA_TEMP_YEAR
FREEZR_THAW Total number of freeze-thaw days in MERRA_TEMP_YEAR
the year

PRECIPITATION Total precipitation in the year MERRA_PRECIP_YEA
R

REL_HUM_AVG_AVG Average relative humidity MERRA_HUMID_YEA
R

Traffic

Table 3-8 Final data for traffic

Source table on LTPP

AADTT Annual Average Daily Truck TRF_TREND
Traffic for all trucks

ANNUAL_ TRUCK_ VOLUM Annual estimate of trucksin TRF_TREND

E LTPP lane

AADTT _VEH CLASS 9 TR Annual estimate of class 9 TRF_TREND
END trucksin LTPP lane
ANNUAL_ESAL_TREND Annual estimated ESAL for TRF_TREND

clase 4-13trucksin LTPP lane
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Performance

Table 3-9 Final data for pavement performance

Source table on LTPP

MRI Averaged Annual Mean MON_HSS PROFILE_SECTION
International RoughnessIndex
(IRI)

MRI0O Initial MRI value within 1year MON_HSS PROFILE SECTION
after the lates construction
event

3.3 Decision Tree and Random Forest Modelling

Based on the results for the literature review, although the majority of studies using LTPP data
used supervised ANN as their primary algorithm type which had resulted in promising
accuracies, the decisianaking processes of those studiese not able to be interpreted. ANN
does provide relatively high prediction accuracy, but it sacrifices the ability to explain the model
training, interpreting and predicting processes. Nevertheless, decision tree (DT) algorithms allow
the predicting andecisioamaking process to be explainable yet without a significant decrease
in prediction accuracy. Hence, in this section, single DT model®andom Forest

(RF) modek for comparisomvere constructed to conduct the predictive modelling of the

prepare LTPP data. The models were built on Python 3.8 language with various libraries
including SciKit Learn, Pandas and Numpy for data preparation, model training and evaluating,
and Matplotlib and Plotly for result visualization. The initial DT and RF madui® both

shown the existence of overfitting issues. Thus, hyperparameter optimizations were conducted
after the initial modelling to prune the decision tree(s) and mitigate the overfitting. Final

prediction results were discussed, and the decision nge(e visualized.

3.3.1 Background
Classification and Regression Trees
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The concept of classification and regression trees (CART) was first introduced by Leo Breiman
in 1980s. CART is a type of ngrarametric supervised learning approach providing

classifcation and regression of the piefined data. CART is indeed suitable for this study since
the data set retrieved from LTPP consist ofgeéined and labelled variables. It is also one of

the most popular and practical algorithms for inductive infer@uaehell, 1997). The primary
objective of CART is not to develop specific prediction equations but was to approximate target
functions with discrete values (Mitchell, 1997). Due to the basis of such, decision trees process

greater ability to handle noiglata than logistic and linear regressions do.

Based on the variable type of output predictor (the dependent variable), CART is divided into
two primary categories:
1 Classification decision trees for the output variable that is categorical

1 Regression desion trees for the output variable that is continuous

Classification decision trees are used when the output variable is categorical, which are not
numerically continuous. It classifies the final prediction outcome into discrete classes. For
example, thelassification prediction results can be just divided into positive and negative
answers, which are not numerically related. On the other hand, when the target output variable
type is continuous rather than discrete classifications, the regression treetepleyed to

predict the specific value of the output variable. In this study, since the dependent variable IRI is
a type of continuous variable with specific values, the regression method was selected and
implemented. Figure 3.9 and 3.10 below show gplamof classification tree and regression

tree, respectively.
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High Finial IRI  Low Finial IRI High Finial IRI  Low Finial IRI

Figure 3-9 lllustration of Decision Tree classification

Initial IRT >1.5
Sample size = 100%

True False

Pavement Age >10 AADTT <1000
Sample size = 60% Sample size = 40%

IRI=12 IRT=13 IRI=11 IRI =12
Sample size =20%  Sample size = 40% Sample size = 10% Sample size = 30%

Figure 3-10 lllustration of Decision Tree regression

CART splits the data along the tree from the root node and descends to leaf nodes. Root node is

the base of the tree where the dataset is complete, and the leaf node is where the splitting process

terminatesA splitting criterionwas assigned at each node to further split the samples. The basis

of CART is repetitive binary classification splitting the parent node into two child nodes. During

the splitting process, along with the increase of tree growth and depth, the dataseibisquhr
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into smaller subsets stepwise as the number of samples on each node decreases and the decision

rules and the complexity of the tree increase How tree algorithm functions is further summarized

in the following steps (Breimai984):

1.
2.
3.
4.

There are a few types of splitting criterion and the criterion used in classification trees and

reg

Finding each
Finding each node
Using the best split to split the node

feature

'S

Repeatll three steps above until terminating criterion is satisfied

ression trees ar e

di

S best split that max
best split that maxi mi
fferent. Classificatio

implemented in this study used squared error. In this study, at each node, the splitting decision

was made in order to achieve least squared error which is equivalent to L2 loss function
(Equation 3.1).

0¢0 &€ I'd6 ¢ @olREYPO OORNE |

O (3.1)

Although decision tree algorithm provides great visualization ability to the de¢rsaéimg

process, it still suffers from a few limitations including overfitting. Table 3dlév summarizes

the major advantages and limitations.

Table 3-10 Advantages and limitations ofdecision treealgorithm

Advantages

Limitations

l

Superior decisiommaking
visualization and interpretingpilities
Dependent (output) variable can be
both categorical and numerical data

Able to handle noisy data

)l

Prone to overfitting with overly growl
trees

Hyperparameter tuning can be
complicated

Instable when small data variations

occurred
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Random Forest

Random forest algorithm an ensemble learning method that is composed of a set of decision trees
instead of a single decision tree. It is a further development based on CART which is stll a non
parametric supervised learning and uses labelled Bagar{an, 2001). As a descendant of

decision tree, depending on the data type, random forest was divided into two types:
classification for categorical output variable and regression for continuous variable. Random
forest algorithm creates bootstrapped slendjatasets derived from the original dataset.

Meanwhile, this bootstrapping process incorporates feature randomness by randomly generating
subsets of data samples. By training decision trees with random subsets of data, the correlations
between the treesithin the forest are minimized. Composed a number of decision trees, random
forest is a more effective tool to tackle overfitting comparing to a single decision tree (Breiman,
2001). Output evaluation methods of random forest differs from that of detis@rRandom

forest classification that is based on categorical output variable is evaluated based on a majority
voting, whereas random forest regression averages the output prediction from each of the single

trees. Figure 3.1lkelow illustrates the basstructure of a random forest model.
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Training Dataset

Tree 1

Averaged Prediction Results

Figure 3-11 lllustration of a Random Forest model

Although random forest is an advancement of single decision tree, overfitting still existing in
random forest models which is one of the major disadvantages of the algorithm. Table 3.11

below summarizes the advantages and limitations of random forest.

Table 3-11 Advantages and limitations of random forest algorithm

Advantages Limitations
1 Less overfitting comparing to T Still likely to overfit when the
decision tree trees are complex
9 Still provides good visualization 1 High computational cost when
ability the forest is complex
1 Flexible to handle noisy data 1 May require large date sets
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i Feasible to evaluate feature

importance

3.3.2 Model Training and Evaluation

Decision Tree Model

To build the decision tree model in this study, DecisionTreeRegressor algorithm developed by
Scikit Learn library was implemented in Python 3.8 environment. The entire dataset consisting
of 17,147 observationsas divided into two groups: 80% (13,717) for model training and 20%

(3,430) for model testing. All groups of data set have 15 input variables and 1 output variable.

In the initial default decision tree models, hyperparameters (Tal#g\8ete untunedvhere the

tree was allowed to fully grow with complexity without constraints. In addition to the testing, a
10-fold crossvalidation (CV) was performed on the training dataset by using the trained model.
Since there was only one training dataset and @tiegedataset, model overfitting might exist.
Hence the objective of CV is to repeatedly estimate the model prediction accuracy on
unintroduced data to investigate the potential overfitting. In the CV process, the testing data were
excluded, and the tramg data set was further divided by the number of f&3}svhich was 10

in this case.

The coefficient of determinatiorRf) and mean square erfdMSE)were used to evaluate the
model performance. Equation 3.2 and 3.3 shows the calculation methgtEnofMSE

respectively. Table 33lbelow is the result summary of model training, testing artbtDCV.

Y p o——— (3.2)

0 "YO - W W (3.3)
W = observed target value
w = predicted value,

® = mean observed value.
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Table 3-12 Initial decision tree model parameters

Parameter Value
Tree depth 35
The number of leaves 9903

Minimum number of samples on each leaf | 1

node

Minimum number of samples @ach split 2

Total number of features 18

Table 3-13 Prediction result summary from the initial decision tree model

Set AverageR? Average MSE
Training 0.999 3.82e6
Testing 0.824 0.0567

Crossvalidation 0.833 0.057

IRI Prediction Training Data

Predicted MRI

0 1 2 3 4 5 6
Measured MRI

(@)
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IRI Prediction Testing Data

Predicted MRI

Measured MRI

(b)

Figure 3-12Initial decision tree training (a) and testing (b)results
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Figure 3-13 Learning curve of training data

Figure 3.12 and 3.13 show the training accuracy (3.12 a), testing accuracy (3.12 b) and the

learning curve of the initial decision tree model. In addition, the entire decision had large
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complexity, so only a part of the visualized decision tree was desplay figure 3.14 below. In
the end, these results indicate that the initial decision tree overfitted:
1 A large gap between training accuracy and testing accuracy

1 Training accuracy constantly maintained at close to 1.0
1 The number of samples on the termilealf node was very low (around 1~2)

Therefore, a decision tree pruning process was required to improve the overfitting.
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Figure 3-14 Visualization of a part of the initial decision tree
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Random Forest Model
Similar to the decision tree model, the random forest model was developed using
RandomForestRegressor frani-kit learn library(Pedregosa et al., 201The same dataset
consisting of 80% training data and 20% testing data was used applied for this random forest
model. Unlike the single tree model, a random forest model may consist up to hundreds of trees
which is more complex. Hence, the number of tresesds to be considered when constructing
the model in terms of such aspects:

1 Computational cost

1 Visualization feasibility

1 Prediction accuracy

1 Overfitting
In the initial random forest model, while the numbers of the trees adefireed, there were no
other hyperparameter constraints meaning the trees were allowed to grow for the optimum
prediction accuracy. Figu@15below shows the relationship betweabe number of trees and
training, testing and crosalidation accuracies. The accuracies started to converge when the
number of trees was reaching around 5 to 10, and eventually maintained at around 0.91 as the
number of trees rise to more than 20 (Figdidh). Both test and crosslidation accuracies
were higher than 0.875 when the number of trees was more than 3. In addition, fewer trees would
allow better decisiomaking visualization and potentially help reduce the overfitting issues. As
a result ofsuch early convergence of the accuracies, the number of trees shall be limited to 5 for

the further optimization of the model.
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The number of treesin initial RFmodel vs. accuracies
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Figure 3-15 The number of trees in initial random forest model vs. accuracies

3.3.3 Model Pruning and Hyperparameter Optimization

Decision Tree Pruning

In the initial decision tree model, overfitting was observed as the training accuracy was more
than 15% higher than testing accuracy that was close to 1.0. Oveifitlicgtes the tree is

overly grown. There are two approaches to prevent the tree from overfittiagrymieag and
postpruning (Bramer, 2013). Pygruning is used to limit the tree growth by {atefining the
hyperparameters before the construction otrtbe, whereas pogiruning is used to remove the
branches and leaves after the tree has been developed. Althoyayhrpng may save the
computational costs and is more efficient than4poshing, pospruning often provides better
accuracy by customizinthe developed model{fnkranz, 1994). Thus, a cost complexity

pruning process was conducted to optimize the complexity of the tree and avoid the overfitting.

Minimal CostComplexity Pruning (CCP) algorithm is developed based onQwhigh, is the
conplexity parameter (Breiman, 1984). Minimal CCP method is based on the principle of

finding the lowest costomplexity by minimizing the value from a combination of the number of
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terminal nodes, complexity parameter alpha, and the misclassification rategdiation used to

define the costomplexity is defined as such (Equation 3.4):

YUY OYTY Y (3.4)

WhereY 7Y is a linear combination of the cost of tinee and its complexityy “Y is total
misclassification rate of the terminal leaf nodegalpha) is the complexity parameter, aidis

the number of terminal leaf nodes (Breiman, 1984).

The results of the CCP process were illustrated on figutel&bw. Higher alpha values

indicate larger number of nodes pruned. The testing accuracy reached to around 83% to 84%
where the training accuracy fluctuated between 85% and 91%. The peak testing accuracy peaked
at 84.2% when the alpha value was 0.000288the value of alpha increased, the number of

nodes and the depth of the tree decreased (Figure 3.17). This would result in an overall decrease

of tree complexity and improve the overfitting problems.

Training and testing accuracy as a function of alpha value change
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Figure 3-16 Training and testing accuracy as a function of alpha value
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Figure 3-17 The number of nodes (a) and the depth of the tree (b) as a function of alpha value

Based on the results from thestpruning process, an example of the pruned model was shown
below with its train, test and cresalidation accuracy (Table 3tLand the tree visualization
(Figure 3.19). The pruned parameters were shown on taldl@ddlthe training and testing

resuts were also shown on figure 3.18. In this pruned model, thecoagtlexity alpha value

was predefined as 0.000188. Both testing and chesglation accuracies increased by 1% to

2% while there was a drop of 8% in training accuracy. The complexityedfdk also

significantly decreased as the total number of leaves reduced from 9903 to 57 and the depth
decreased from 35 to 9. As a result, not only the punning prmepesved theprediction

accuracy, it al so enhanc edapttorothes inknowg eatasetsa | i z a't

Table 3-14 Prediction result summary from the pruned decision tree model

Set AverageR? Average MSE
Training 0.919 0.0275
Testing 0.842 0.0511
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Crossvalidation 0.846 0.0523

Table 3-15Pruned tree model parameters

Parameter Value
Tree depth 9
The number of leaves 57
Minimum number of samples on each leaf n¢ 1
Minimum number of samples on each split 2
Total number ofeatures 18
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IRl Prediction Training Data

Predicted MRI
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IRl Prediction Testing Data
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Figure 3-18 Pruned decision tree training (a) and testing (bjesults

In conclusion, the final decision tree model was able to achieve satisfactory test and cross
validation accuracies of 83 to 85% after the pruning process depending on the specific parameter

alpha, and its generalization capability has been improved whilgaming the great prediction
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process visualization ability. Figure 3.19 shows a part of the pruned decision tree that informs

the decisiommaking process.

Figure 3-19 Visualization of the full pruned decision tree

Random ForestHyperparameter Optimization
Comparing to a single decision tree model, a random forest model has greater model complexity
as it consists of multiple randomized trees. Potential overfitting issues in RF can be possibly
mitigated by the unique features in the model (Breiman, 2001):

1 Each individual tree was trained by using bootstrapped sample

1 The correlations between the trees are minimized and those randomized trees have strong

independency

However, overfitting couldtdl happen if the individual trees are allowed to grow without any
limits. Single DT pospruning results in optimized alpha values that ar@p@ied into the

training model to generate new outputs. On the other hand, for RF modsehreeeandomly
generated in each training process meaning-pasting is based on the previous trees and re
applying the tuned alpha values will not fit the tree in the next training process. Therefore, pre
pruning that regulates the hyperparameters at the beginning wathing process were used to

mitigate the overfitting problem, i.e., limit the growth of the trees.
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Grid search technique was deployed to find the optimum combination of hyperparameters that
improve the predictiomccuracieyet leverages overfittindzach hyperparameter is pdefined
with a range of values and each value in the range will be applied into the model training
process. The number of values for each hyperparameter and multiply it by the total number of
hyperparameters is equal to the kotamber of combinations for the grid search input. There are
few hyperparameters limiting the tree growth and the overall complexity of the forest which can
mitigate the overfitting problems:

1 Maximum tree depth

1 Minimum number of samples on each leaf node

1 Maximum number of features considered for splitting a node

1

Number of trees in the forest

In this case, the trial hyperparameters are summarized on tableeBov. Although the
accuracies started to converge based on figure 3.15 in section 3.4.3.2, the number of trees was
limited to 5 in order to prioritize the visualization feasibility yet without a major sacrifice in

prediction accuracy.

Table 3-16 Hyperparameters for the RF grid search

Hyperparameters Values

Number of trees 1,2,3,4,5

Max tree depth 5, 10, 15, 20, 25, 30, 35, 40
Min number of samples on each leaf node | 10, 20, 30, 40, 50

Max number ofeatures considered for 6, 8, 10, 12, 14, 16, 18
splitting a node

The grid search results were interpreted on rdittiensional plots. Figure 3.20 shows the
example results when the number of trees is 3. Typically, high number of samples on each leaf,
high tree depth and high number of features may result in overfitgrg.result, the tuning
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result visualization on figure 3.20 helps balance the hyperparameter selection and the prediction
accuracy. For example, the cresdidationaccuracyeached.859 when there were no
maximum limits of the number of features, thaximum tree depth was 10, and the minimum

number of samples on each leaf was 36 (Figure &2 Table 3.7).

Cross-validation score

0.7
0.6

0.5

Cross-validation score

1000000000
503330000booo

0.8

0.7

max_features: 18
Jmax_depth: 10

- \min_samples_leaf: 36 0.6
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10
15
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20 &
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Figure 3-21 Hyperparameter selection based on accuracy scores
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Table 3-17 RF grid search results

Hyperparameters Values
Number oftrees 3
Max tree depth 10

Min number of samples on each leaf node | 36

Max number of features considered for 18 (original total number of features)

splitting a node

Train accuracy 0.858
Test accuracy 0.874
10-fold Crossvalidation accuracy 0.859
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Tree #1

Tree #2

"

Tree #3

Figure 3-22 Optimized RF model with a total number of 3 trees

However, comparing to the pruned single tree model (CV accuracy = 0&8#4&ugh the tuned
RF model could provide slight better accuracies, the {offdeas the visualization feasibility.
Figure 3.22 below shows the three trees in the pruned RF nibaelrees are still too complex

to be accurately interpreted.

3.4 Discussion and Conclusion

At the end of the data processing stage, 15 input variables and 1 output variables were selected

from LTPP database. The final total data size was 17,147. Basgybteeatiditerature review,

there were only 2 studies that hadre that 15,000 data points (Gone et al, 2019; Piryonesi and

El-Dirby, 2021). However, both of those studies had used not just LTPP but additional databases

from local municipalities and State/Provincial DOTs. The data sizéseoést of studies were

typically below 5,000Thisindicates that data size in study is much above the average data size.
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Although the final data size is quite considerable, data quality is stitiptmbum and needs
improvementskor example, for a test section from year 199265, there are years (e.g., 2001
and 2004) that AADTT or IRI records could be missing.

Conclusions were drawn from the single decision tree modelling and random forest modelling:

1 Pruned single tree model was able to achieve a prediction{abdaion) accuracy of
84.6%.

1 After the pruning process, the complexity of the single tree model decreased, and
visualization of the tree was enhanced allowing the decisiaking process to be
interpreted.

1 Although the pruned RF model could provide slightdyediccuracies, thaterpretation

of treesis not as clear as the pruned DT model

Both DT model and Rinodek resulted in a good IRI prediction accuracy yet maintaineléa
visualization of the prediction proce$®rformance of these algorithmsllected in the future
(similar to other machine learning algorithnegh be improved if with having data witigh
guality and consistency. A set of data collection scheme rayykhie data collection frequency
and scheduling shall be established prior to the data colieétiftew suggestionfor data
collectionbased on this worare
1 AADTT and AADT should be recorded annually and monthly in each year and in each
month with nomissing records in periodof time.
1 Temperature and moisture data should be collected for multiple times in a day (preferably
hourly) to reflect dayandnight temperature fluctuations and freg¢zaws.
1 Initial IRI profiling should be made prior to theaffic opening date.
Surface condition surveys including IRI profiling and distress surveys should be
conducted regularly between consistent periods of time (i.e., every 8 months or 12

months). Once the first intervlhs be defined, it should not be cgad for future

79



surveys (e.g., when the second IRI profiling is 12 months after the initial profiling. the
following ones should all be held 12 months apart).

1 Mechanistic pavement response should be dynamically monitored that the data are
collected and sted upon each repetition of the vehicle loading in all hours of a day.

1 After the initial construction, each later M&R activity should be explicitly documented
for its type, construction duration, material used, and thickness for milling and/or overlay.

1 After each M&R, surface condition surveys should be conducted again prior to opening
to traffic. If it is a major M&R such as futlepth milling and overlay, the M&R event
should be regarded as an initial construction that starts a new set of data cdileetion
intervals (e.g., if last IRI profiling was conducted in January and the major M&R
happened in March, the next IRI profiling should be conducted in March in next year

when the survey time interval is every 12 months).
Further discussions betweenaanalysis experts and experience pavement engineers shall be

held to define the specific data collection regulations and database management. Detailed data

collection plans should be made prior to the data collect.
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Chapter 4

Desi gn anHIl é&mentt eModel |l ing of Pil ot

4.1 Overview

In the instrumented pavement section, to understand the pavement response due to vehicle
loading, asphalt strain gauges and pressure cells are embedded in the pavement structure as
physical tools to captuthe dynamic stresses and strains. In addition to physical

instrumentation, robust quantitative modeling such as finite element analysis (FEA) of the test
section is also capable of demonstrating the pavement response due to traffic loading. FEA
modeling @n serve as a validation tool to compare the actual data stress and strain collected
from physical sensor§Vhen fullscale instrumentation of the pavement section is conducted,
pavenent response data collected from strain gauges and pressure cells are collected. However,
the impact of those embedded artefact on pavement structure and pavement response under
traffic loading are not clear. Those sensors could potentially affect #ue atrd stress

distributions as their material properties are different from pavement material. Prior to the FEA
modeling process, a review of the instrumented test section was also conducted in order to
provide the necessary information of roadway gegynepivement structure, material used and
subgrade conditions. At the end, the goal of this modelling process is to discover such effects and

provide possible suggestions to the layout design of strain gauges and pressure cells.

4.2 Geometry and Pavement Structure Design Review

Theproposed location gdilot section is in Courtland Ave West, Kitchener, @Nich belongs
the Region of Waterloo. The specific pavement segment is situated in between Hayward Ave
(STA. 10+351.98) and Highway 7 & 8 aamp (STA. 18013.00). The total pavement length is
338.98m. Due to the unsatisfactory existing pavement condition with unacceptable levels of
distresses including pothole, alligator cracking, transverse cracking, the whole roadway structure
was redesigned and wouldgreconstructed. The reconstruction plan includes both surface
pavement structure and the drainage systems underneath the pavement layers. The roadway
function class is urban arterjaind the speed limit is 50 km/h (City of Kitchener, 2019). The
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estimaté peak AADT count in year 2031 in this segment is below 2,000 vehicles and at an
average of 1,500 to 1,700 with an annual growth rate of 1.5%. The number of designed lanes in
each traffic direction is 2. The subgrade condition has been classified &tagiltg clayey silt

with anapproximateesilient modulus of 30 MPg@raser, 2019)The thickness of the subgrade

was considered as infinite. Conforming to OPSS 3090 standard, the frost penetration depth of the
pavement segment is 1.2 m. Given the penetratepth ratio is 0.6, the minimum designed
pavement structural thickness is 720mm. Table 4.1 below shows the design pavement structural
and material of the reconstruction project. In this case, the total designed pavement thickness is

745mm which is acqeable for the frost penetration criterion.

Table 4-1 Pavement structural and material design of the test section

Pavement Layer Material Thickness (mm)
Surface AC SP 12.5 FC2 50
Surface AC SP 19 145

Base Granular A 150
Subbase Granular B 400
Subgrade Silty clay to clayey silt Infinite

4.3 Instrumentation Layout Design

The initial instrumentation layout design was illustrated on figure 4.1 and 4.2. The set of
instrumentation sensors include asphaéiistgauge, soil pressure cell, temperature

thermocouple and moisture probes. Adequate spacing between each sensor was assigned to avoid
the measurement interference issues. Horizontal strain gauges were placed in both longitudinal
direction and transversbrection to monitoring the strain at each direction. Since axle width can

vary depending on the vehicle type and wheel paths do not always stay on a constant track, the
spacings between the strain gauges and pressure cells along the transverse de&:bomand

1.8m respectively. These varying spacings help capture the peak stress and stress better. In terms

of the vertical layout design, since pavement temperature is related to depth, temperature
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thermocouples are installed in both asphalt layerdasd layers. In addition, soil moisture level
depends on the material drainage property, therefore, two soil moisture probes are placed in

Granular B layer and Subgrade layer. Soil pressure cells are placed 150mm below the top of the
Granular B layer to masure the vertical stress due to vehicle loading.

.AC Strain Gauge

] ! ] ' ! ! : @ Soil Pressure Cell
i1 90cm i 90cm 90cm 90cm 90cm . 90cm ® Temperature Sensor

: : © Moisture Sensor

Figure 4-1 Pilot section instrumentation layout design (top view)
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Il AC Strain Gauge
=== S0il| Pressure Cell
® Temperature Sensor
® Moisture Sensor

SP 12.5 FC2 p=
SP.19

Granular A

Granular B

Subgrade

Figure 4-2 Pilot sectioninstrumentation layout design (crosssection view)

4.4 Finite Element Modelling

4.4.1 Model Geometry
To determine the part geometry for ABAQUS modelling, the following part details need to be
identified:

1 Vehicle axle and wheel type, spacing and tire sures

1 Tire contact area

1 Total pavement structure geometry

1

The geometries of asphalt strain gauge and soil pressure cell
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Tire Pressure and Axle Configuration

The representative vehicle type has been selected as FHWA class 9 truck since it typically
accounts for the highest truck volume percentage. The combination of tandem axle and dual
wheel was selected. Based on the Ontario AASHTOWare ME Default ParameiealNTO,

2019), the default tire pressure, the default average dual tire spacing and the default axle spacing
have been selected as 827.4KPa (approximately 0.83MPa), 305mm and 1.45m, respectively
(Table 4.2 and 4.3).

Table 4-2 AASHTOWare Pavement ME Design Defaults Axle Configuration

Axle Configuration Default Values

Average axle width (m) 2.59
Dual tire spacing (mm) 305
Tire pressure (kPa) 827.4

Table 4-3 Ontario Typical Defaults for Axle Spacing

Axle type Average axle spacing within axle group, m

Tandem 1.45
Tridem 1.68
Quad 1.32

Tire Contact Area

Tire contact area can vary depending on the vehicle loading and tire pressure and there are no
default values provided by the Ontario AASHTOWare ME Default Parameter Manual.
Therefore, in this section, tire contact area was estimated based on the ttea@ieped by

Huang (2004). Technically, the actual shape of the tire contact area on top of the AC layer is
approximately elliptical or circular (Huang, 2004). However, in order to simplify the calculation
of the contact area for pavement loading analylsesshape can be converted from to elliptical or
circular to rectangular while the total areas are equivalent (Huang, 2004). The length of the

actual contact area is L and the width is 0.6L (Huang, 2004). After the shape conversion, the
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length of the reangle can be represented as 0.8712L and width remains the same, which is 0.6L
(Huang, 2004). As a result, the length to width ratio of the rectangle can be derived as 1.452.
Figure 4.3 illustrates actual shape and converted rectangular shape and equatiowg the

area calculation for both shapes.

0.3L

> 0.6L A =0.522712 0.6L

L 0.8772L
(a) (b)

Figure 4-3 Actual tire contact area (a) and rectangular tire contact area (b)

51 Q& @b T80 @0 T® ¢ dx (4.1)

Table 4.4 below shows the measure tire pressure, vehicle loading and tire contact area from an
experiment conducted by Nega (2017). Based on such combination of the values, given the
default tire pressure &83MPa and the length to width ratio of 1.452, the length and width of

the rectangular area were estimated as 290mm and 200mm respectively (Figure 4.4). Specific
partitioned pavement structure geometry based on the tire contact area is illustrateceahSigu

below.
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Table 4-4 Measured tire pressure, wheel loading, contact area, and mean contact pressure (Nega,

2017)
Tire Pressure Wheel Loading Contact Area | Mean Contact Pressure
(kPa) (kN) (m’) (kPa)
Front | Middle | Rear | Front | Rear | Front | Middle | Rear
350 284 | 216 | 226 [ 0.059 | 0.045 | 484 476 498
490 284 | 216 | 226 [0.050 | 0.042 | 571 516 539
630 284 | 21.6 | 22.6 [ 0.044 | 0.039 | 648 552 578
700 284 | 216 | 22.6 [ 0.040 | 0.038 | 715 573 599
350 31.6 344 | 352 [0.067 | 0.067 | 474 510 522
490 31.6 344 | 352 [ 0.055 | 0.062 | 578 555 568
630 31.6 344 | 352 [ 0.048 | 0.056 | 661 610 624
700 31.6 344 | 352 [0.044 | 0.051 | 720 677 693
350 31.6 | 446 | 46.1 [ 0.067 | 0.085 | 475 524 518
490 31.6 | 446 | 46.1 | 0.055 | 0.077 | 580 578 572
630 31.6 | 446 | 46.1 | 0.048 | 0.070 | 663 636 629
700 31.6 | 44.6 | 46.1 [ 0.044 | 0.063 | 722 708 699
Loading Pressure 200mm
=0.83MPa
290mm

Figure 4-4 Tire loading pressure and dimensia used for ABAQUS input
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Figure 4-5 Pavement layer surface partioning geometry with respect to tire loading. (Unit: mm)

Asphalt Strain Gauge and Pressure Geometries

In order to include asphalt strain gauge and pressure cell in the FEM pavement structure model,
their geometry shall be determined fifBhe asphalt strain gauge and the soil pressure cell used

in this case are: PASIT AC by Dynatest (Figure 4.6) and RST Total Earth Pressure Load Cells

(TEPLC) 9" (Figure 4.8), respectively. The di
on figure 47 and 4.9 below.
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Figure 4-6 Dynatest PASTIl AC strain gauge (Dynatest, 2022)

Figure 4-7 The Dimension of DynatesPAST-Il AC strain gauge used in ABAQUS
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Total pavement structure geometry

The number of pavement layers and the thickness of each has been identified from the section
review on table 4.1As for the subgrade, a representative thickness of 0.8m was used in the
model. In order to minimize the computational cost, %2 axisymmetryused. In this modethe

length is 2.0m, the width is 1.0m and the total representative thickness is 1.545m (Figure 4.10).

SP 12.5 FC2
SP 19
Granular A

Granular B

Total Representative Subgrade
Thickness = 1.545m

Figure 4-10 Pavement structure geometry without instrumentation sensors

For the horibntal sensor alignment, the sensors were chosen to be vertically aligned with the
peak stress and strain areas. The initial finite element model without instrumentation suggested
that the peak stress and strain occurred not directed under the tire aosdamtit in between the

dual tires. Details about the uninstrumented model were discussed in section 4.4.6. As a result, in
the instrumented model, both pressure cell and strain gauge were vertically centered in between
the dual tire spacing area (Figurd¥and 4.12). In terms of the vertical instrumentation layout,
asphalt strain gauge was buried at the bottom of the SP 19 layer and soil pressure cell is located

150mm below the Granular B layer (Figure 4.13).
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B \B “— Asphalt strain gauge

Figure 4-11 Horizontal layout design of asphalt strain gauge

Tire Contact
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Figure 4-12 Horizontal layout design of pressure cell

—— *— Agphalt strain gauge

9” pressure cell

Figure 4-13 Vertical layout design of strah gauge and pressure cell

4.4.2 Material Property

After the geometry of the pavements has been defined, the material properties are the next to be
characterized in ABAQUS analysis. In the proposed FE model, the pavement section consists of
5 layers and 2 types of sensors: asphalt strain gauge and ssungreell. Based on the

construction plan of the test section, the use of material for each pavement layer has been
specified. Thus, a total of 7 material sections with 7 types of materials were included in this
model (Table 4.5). Material properties fach layer were selected as default values from the
Ontario’s Default Paramet er s Maual(tteR&emMe@War e
ME manual) (MTO, 2019).
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Table 4-5 Material property summary

) Young®o| MassDensity Poi sso
Part Material )
Modulus (MPa) (kg/m?d) Ratio
Asphalt
SP 125 FC2 5095.7 2530 0.35
Concrete
Asphalt
SP 19 5621.2 2460 0.35
Concrete
GranularBase Granular A 250 2048.3 0.35
Granular
Granular BlI 200 2013.7 0.35
Subbase
Classification
Subgrade ML/MI, Category 30 1940 0.325
6
Dynatest PAST
I AC (asphalt Mostly Epoxy 2200 MPa 1100 0.3
strain gauge)
RST9 " T
Earth Pressure| Stainless Steel 193 GPa 8000 0.27
Load Cell

Asphalt Material Property

First surface layer is a surface AC course that its material is specified as SP 12.5 FC 2, which has

mass density of 2530 kg#reince the project location is situated in west region of Ontario (Table

4.6). The binder course consists of SP 19 material with a mass density of 248(Tiabli® 4.6).

Asphalt is a type of viscoelastic material that its resilient modulus can vary diffdeznt

loading conditions frequency and temperature settings. Typically, the dynamic modulus of the
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asphalt material is a list of values that can be determined as a function of both loading frequency
and temperature. In this study, the temperature elasted at 21C to represent theon-freeze
pavement conditions. On the other hand, the dynamic loading frequency is related to the vehicle
travelling speed (Huang, 2004uang (2004) has suggested that a vehicle speed of 64km/h
corresponds to haversiteading wave pulse time = 0.028s. Then, the loading time can be further
derived into the frequency for asphalt dynamic modulus tests on equation 4.2 (Huangln2004).
this case, give an approximate loading wave pulse time = 0.03s (when vehicle speedn=50km
64km/h), the frequency can be calculatedla®Hz. In addition, Shell (1978) also suggested that

a vehicle speed of 50km/h to 64km/h corresponds to a frequency of 8Hz. As a result, the
frequency for the asphalt mix modulus has been identified a$rérizhe Ontario

AASHTOWare ME Default Parameter Manual (Appendix 1V). Then, given both of the loading
frequency and the temperature, the target asphalt mix modallusswere identified on table

4.7.

o — (4.2)

t = loading time

f = frequency
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Table 4-6 Ontario Superpave properties (MTO, 2019)

 Asphalt Layers | SPI25 | SP190 | SP250 | SMALS |
Thickness (mm Project specific
Mixture Volumetric
Unit Weight (kg/m®) See Note 1 2460 | 2469 | SeeNote 1
Effective Binder Content - by Volume (%) 11.8 11.2 10.4 14.6
Air Voids (%) N2 7.0

Poisson’s Ratio N3

Mechanical Properties
Dynamic Modulus

0.35 for existing HMA (select calculated for new HMA

“Input level: 3" selected

Thermal Conductivity (watt/meter-Kelvin)
Heat Capacity (joule/kg-Kelvin)

Aggregate % Passing the 19 mm Sieve 100 % 96.9 % ‘ 89.1 % | 100.0 %

Gradation | % Passing the 9.5 mm Sieve 83.2% 72.5% | 63.3 % | 73.1%
% Passing the 4.75 mm Sieve 54 % 52.8% | 49.3 % | 29.7%
% Passing the 75 pm Sieve 4% 3.9% 3.8% 9.3 %

G Star Predictive Model “Use viscosity based model (nationally calibrated)” selected

Reference Temperature 21.1°C

Asphalt Binder ™t ¢ PG64-28 | PG58-28 PG 58-28 PG 70-28

Indirect Tensile Strength — 10 deg.C (MPa) Calculated

Creep Compliance (1/GPa “Input level: 3" selected
Thermal

1.16
963

Thermal Contraction

Calculated

Note 1: For SP 12.5, the unit weight is 2,460 kgt'm:. For SP 12.5FC1, FC2 and SMA 12.5, unit weight varies from different regions: Central and North
regions — 2,520 kg/m’; East region — 2,390 kg/m’; West region — 2,530 kg/m’

Table 4-7 Modulus of asphalt mixes used in this study

Asphalt Mix Mix Code | Modulus (MPa) | Temperature (C) | Frequency (Hz)
SP 125 FC2 3 5095.7 21 5
SP 19 16 5621.2 21 5

Base, Subbase and Subgrade Material Properties

Granular A is used as the primary base material and Granular B Type Il is esedtioict the
subbase (Appendix). According to a previous geotechnical site investigation report at 321
Courtland Ave nearby the pilot section, the subgrade soils often consist of a large fraction of silty
and clayey material providing moderate to lowlrest modulus (Fraser, 2019). Hence, based on
table 4.3MTO, 2019), subgrade solil is categorized as type 6 ML and is used for the material

property input with a resilient modulus of 30 MPa. The materials for all layers were considered

at linear elastic.
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Table 4-8 Ontario subgrade moduli and soil classification

Brief Description | Category MTO Drainage Susceptibility Mz Mr Mr
No. Classification | Characteristics at Frost (MPa) (MPa) (MPa)
MTO, 1980 Action Good Fair Poor

Rock, rock fill,

shattered rock, i‘:;lg :::f Excellent None

boulders/cobbles

Well graded

gravels and sands 2 GW, SW Excellent Negligible 80 70 50

suitable as

granular borrow

Poerly gradod 3 GP,SP | Excellentto fair | eElgibleto |4, 50 35

gravels and sands | slight

Silty gravels and 4 GM. SM F_alr to semi- Slight to 50 35 30

sands impervious moderate

Clayey gravels 5 GC. SC _Pracuclally Negli :glble to 40 30 25

and sands | impervious slight

f‘lll':; and sandy 6 ML, MI Typically poor Severe 30 25 18

Low plasticity . .

clays and 7 CL, MH Practically Slight to 35 20 15
. . impervious severe

compressible silts |

_\'ledllupl to high g CL: CH SEI‘I’I}—II‘I‘I]}C]:\"IBUS Negllglble to 30 20 15

plasticity clays to impervious severe

Instrumentation Sensor Material Properties
In addition to the geotechnical properties of the pavement layers, the material properties of
asphalt strain gauge and soil pressure cell were also identified. In this study, Dynatedt PAST
AC strain gauge is embedded on the bottom of the AC layersndanthe strain under traffic
loading. The strain gauge is primarily made of epoxy material providing a modulus of about
2200 MPa (Table 4.9)/ It was considered a uniform piece of solid epoxy for ABAQUS
modelling. RST Total Earth Pressure Load Cells (TERL 9~

and subgrade pressures. TEPLC is primarily made of stainless steel. Therefore, a uniform and

was used to monit
solid 304 stainless steel plate with a modulus of 193GPa (Harvey, 1982) was selected to

represent TEPLC in ABAQUS.
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Table 4-9 Dynatest PASTII AC strain gauge material property

Specifications

Type PAST Il (For AC or PCC)

Range Up to 1500 ustrain
Configuration Single strain gage (1/4 brigde)
Cell material Epoxy—Fiberglass

Coating Epoxy—Silicone—PFT—Titanium
Resistance 1209 +1.0%; GF=2.0
Voltage Up to 12V (full bridge)
Temperature —-30° to 1580°C  -22° to 300°F
FE-modulus = 2200 MPa = 320 ksi
Cross section = (0.5 80. cm = (0.078 s8q. in
Cell Force 0110 Nustrain - = 0,024 Ibf/ustrain
Fatigue life Theoretically up to 10° cycles
Service life Typically = 36 months

4.4.3 Boundary Conditions, Loading, Interaction, and Final Models

In this study, to investigate the potential relationships between asphalgstugie, pressure cell
and pavement structure, four static implicit finite element models were constructed in ABAQUS
to simulate different scenarios (Figure 4.14):

9 Modell: No instrumentation sensors

1 Model 2: Includes pressure cell only, no strain gauge

1 Model 3: Includes strain gauge only, no pressure cell

1 Model 4: Includes both pressure cell and strain gauge
All four models were constructed based on ¥ axisymmetry al@ngsxand yaxis to minimize
the computational cost. The axisymmetric surfaces wergrassiwith symmetry boundary
condition where U1=UR2=UR3=0 for theaxis symmetric surface and U3=UR1=UR2=0 for
the zaxis symmetric surface (Figure 4.15). The bottom was assigned with displacement
boundary condition where the U1=U2=U3=0. The tire loadiag defined as uniform pressure

with a magnitude of 0.83MPa. To ensure the slipping between each layer is minimum, tangential
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behavior and rough contact condition were assigned for each interface allowing the infinite

friction.

Figure 4-14 Instrumented and nonrinstrumented models: (a) Both strain gauge and pressure cell,
(b) no sensors, (c) only strain gauge, and (d) only pressure cell
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Figure 4-15 Boundary conditions and loading of the modk

4.4.5 Meshing Techniques and Mesh Independence

Considering the unique shape of the instrumentation sensors, the mesh type used for all models
were consistent which was-hdde tetrahedral (C3D10). However, meshing size can be difficult

to control near the instrumentation sensor area. Typically, stnelsstrain would change along

with the change of mesh size ifweremesh dependent. Therefore, in order to generate

consistent stress and strain outputs that are not significantly affected by mesh size, independent
meshing was used for all parts of thedeals so that the final results do not depend on the level

of mesh convergence. Also, all four models have been defined with same global mesh size and
same local mesh size in their regions that do not include the sensors. The regions that include the

sensos may not have the consistent mesh size and pattern as it was automatically generated by
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computer. Also, the mesh size was further refined for the tire loading area and installed sensor

area (Figure 4.16).

arasr

e el
e

AVAVAVA
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Figure 4-16 Mesh for the instrumented modé
tires (Figure 4.17). Hence, the analysis reference locations were selected from not only the area

The stress and strain output results will be discussed and compared for all four models to
guantify the effect of instrumentation objects embedded in the pavement structure. As the initial
step, the uninstrumented model was generated first to investigad&réss and strain

concentration regions in asphalt and base layers. Then, the visualization result of the
uninstrumented model suggested that the peak value regions were not direct located underneath
the tire loading area but were located more towattléarea under the spacing between the dual

4.4.6 Result Discussion



directly under the tire loading and but the area under the dual tire spacing. In the end, nodal
values of stresstress and pressure outputs from 4 models were selected from a total of 6

reference areas in each model (Figure 4.18).

Figure 4-17 VVon Mises stress distribution of the uninstrumented model
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SP19 /J[:}
Bottom surface

SP12.5FC2
Top surface

Granular B
bottom surface

Figure 4-18 Referencing areas for the ABAQUS output results
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Table 4-10 Average peak Von Mises stress and tensile strain

Reference No Only strain Only pressure Both pressure
area (nodes instrumentation | gauge cell and strain
location) gauge

#1- At the Smises = 1.355 | Smises = 1.32 Smises = 1.35 Smises = 1.32
bottom of SP | E11 = 1.28€04 E11 =0.000125 | E11=1.28604 E11 =0.000126
19 layer E33=1.68604 | E33=0.000168 | E33 =1.67€04 E33 =0.00017
directly under

the tire loading

area

#2 - At the Smises = 1.27 | Smises = 1.58 Smises = 1.26 Smises = 1.56
bottom of SP | E11 = 1e04 E11 =0.000182 | E11l=1e04 E11 =1.83é04
19 layer under | E33 =1.75604 | E33 = 0.00022 E33 = 1.75é04 E33 = 2.23e04
the dual tire

spacing area

# 3- On the top| Smises = 0.8 Smises = 0.8 Smises = 0.8 Smises = 0.83
surface of SP | Min E11 =- Min E11 =- Min E11 =- Min E11 =-
12.5 FC2 layer| 0.00015 0.00015 0.00015 0.00015

in the tire Min E33 =- Min E33 =- Min E33 =- Min E33 =-
loading area | 0.000162 0.000164 0.000163 0.00016

# 4- On the top| Smises =1.13 | Smises = 1.13 Smises = 1.13 Smises = 1.13
surface of SP | Min E11 =-9.8e | Min E11 =-9.4e | Min E11 =-9.8e | Min E11 =-9¢
12.5 FC2 layer| 05 05 05 05

between the
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dual tire

spacing

Min E33 =-
0.000169

Min E33 =-
0.000169

Min E33 =-
0.000168

Min E33 =-
0.00017

Table 4-11 Average peak Von Mises stress andertical pressure

Reference area | No Only strain gauge Only Both
(nodes location) | instrumentation pressure cell | pressure and
strain gauge
#5-0n top Smises = 7.44e | Smises = 0.0744 Smises = Smises =
surface of 02 S22 =-0.077 0.077 0.0778
Granular B S22 =-0.077 S22 =-0.082 | S22 =-0.082
# 6- On bottom | Smises = 0.046 | Smises = 0.046 Smises = Smises =
surface of S22 =-0.031 S22 =-0.031 0.048 0.048
Granular B S22 =-0.032 | S22 =-0.032
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Sressresult comparison of all reference areasin four models

12 m Only pressure cell
1
§0.8 gauge
0.6
04
0.2
i I
- 1 B EBE EBFR BR mm

#1-Smises #2-Smises #3-Smises #4-Smises #5-Smises
Reference area location and stress/ strain type

2.50E04

2.00e04

1.50E04

1.00E-04

5.00E-05

Srain

0.00E+00

-5.00E-05

-1.00E-04

-1.50E-04

-2.00E-04

m No insrumentation

m Only strain gauge

Both pressure and strain

#5-22  #6-Omises  #6-22

Figure 4-19 Stress results comparison of all reference areas in four models

Srain result comparison of all reference areasin four models

m No insgrumentation
m Only strain gauge

m Only pressure cell

Both pressure and strain gauge

#1-E11 #1-E33 #2-E11 #2-E33 #3-Min E11

#3-Min E33 #4-Min E11

Reference arealocation and stress/ strain type
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Figure 4-20 Strain results comparison of all reference areas in four models

Based on the result comparison on figure 4.19 and 4.20, all four models have presented
consistent stress responses to the tire loading in reference area 1, 3, 4, 5, 6 except for area 2. In
area 2, which is at the bottom of the SP 19 layer and in betweelu#htire spacing, the models

that included strain gauge have triggered higher Von Mises stress (S Mises) and vertical stress
(S22) in the asphalt material surrounds the strain gauge (Figure 4.21 a and b). Von Mises stress
is a criterion to determine the material will yield or fracture which generalizes the material
behavior. In addition, the horizontal strains along X (E11) and Z (E33) directions were analyzed
and compared (Figure 4.22 c, d, e, and f). Again, area 2 showed higher values of E11 and E33
than other areas. This because that the resilient modulus of asphalt strain gauge (2200MPa) is
significantly lower than SP 19 (>5000MPa), and a very thin layer of SP 19 below the strain
gauge was segregated from the original SP 19 structure (Figurevh@®) the peak stress and

strain values occurred. Overall, the surrounding areas of strain gauge in SP 19 layer have

experience higher stress and horizontal strain under static tire loading.
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(a) Both strain gauge and pressure and strain gauge  (b) Only pressure cell no strain gauge

Max Von Mises stress = 1.567 MPa Max Von Mises stress = 1.354 MPa

e =

(c) Both strain gauge and pressure and strain gauge (d) Only pressure cell no strain gauge
Max E11 = 1.832¢-04 Max E11 = 1.282¢-04

(e) Both strain gauge and pressure and strain gauge (f) Only pressure cell no strain gauge

Max E33 = 2.235¢-04 Max E33 = 1.751e-04

Figure 4-21 Stress and strain comparison between the models with and without strain gauge
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Figure 4-22 Specific location of the strain gauge (yellow) at the bottom of the SP 19 layer (blue) and

above the Granular A layer(green)

4.5 Conclusion

Pavement instrumentation involves a series of sensors to monitor the pavement structural health
and dynamic responses under traffic loading. The basis of the pavement instrumentation and
structural health monitoring is to analyze the data that are call&rol® the embedded sensors.
However, there are limited understandings of the interactions between the foreign objects
(sensors) and the pavement structure. How and what the instrumentation sensors would affect the
stress and strain distributions withirethavement structure is unclear. In order to investigate the
effect of instrumentation sensors embedded within the pavement structure, static finite element

analysis was conducted to quantitatively analysis pavement responses.

In addition, prior to the EA modelling, a brief review of the instrumentation site construction
plan was conducted to provide the necessary geometry and material inputs for the ABAQUS
model. The proposed flexible pavement design includes 4 layers with a total thickness of
745mm:

1 Suface course: 50 mm of SP 12.5 FC2

1 Binder course: 145 mm of SP 19

1 Base: 150mm of Granular A

1 Subbase: 400mm of Granular B
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Based on the details provides from the site design plan, a set of four static implicit finite element

models were constructed in ABAGJ

T

1
)l
T

Includes both strain gauge and pressure cell
Includes only strain gauge
Includes only pressure cell

Original pavement structure without sensors

The pavement response results were analyzed and compared in terms of Von Mises stress (S

Mises), verticabtress (S22), and horizontal strains (E11 and E33). A total of 6 reference

locations were kept consistent throughout the 4 models to provide precise comparison. These

locations are on top of the SP 12.5 surface, at the bottom surface of the SP 19sarfd¢he

on top and bottom of the Granular B.

After the comparison and analysis of the stress and strain values from the different models,

several conclusions were drawn:

T

The peak Von Mises stress is located directly under the tire loading area atdne dfot

the SP 19 layer

The peak horizontal strain (E33) along the vehicle travel direction was located under the
area in between the dual tire spacings at the bottom of the SP 19 layer.

The peak horizontal strain (E11) in the transverse direction ibaathe tire loading

areas at the bottom of the SP 19 layer.

Peak horizontal strains (E11 and E33) appeared in the areas that surround the strain
gauges. This happened when the modulus of the strain gauge was lower than the asphalt
material. In addition, the unique shape of the strain gauge has segmented SP 19 into
small er sections thus reduced the asphalt
Although the pressure cell is composed of high strength steel material (193 GPa), t
modelling results have shown its negligible effect to stress and strain measurements i

the upper AC layers when the pressure cell embedded in the Granular B layer and
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150mm bel ow | ayer’s top surface. This sugg
cell are vertically aligned together, the depth of the pressure cell shall be enough to

prevent the potential impact on the strain gauge located above. The specific vertical

distance requirement may depend on the material properties of the pavement layers.
Preferably, to avoid such potential interference, a horizontal distance betweemnepressu

cell and strain gauge shld be maintained at least 3 ft.

At the end, despite there may be slight difference between actual pavement responses and the
readings recorded by instrumentation sensors, embedded sensors are still able to provide accurate
strain and stress measurements in an effective way. Instrumentation sensors are the key
components of the pavement structural health monitoring. Instrumentation layout design and
installing shall be carefully conducted based on a thorough site review tbthegotential

interference.
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Chapter 5
Conclusions and Future Work

5.1 Summary of Findings and Conclusions

Based on the analysis and discussion results from Chapter 2, 3, and 4 of this research, the

following findings and conclusions wedeawn:

T

Recent methodologies of machine learning applications in pavement performance
prediction have been identified:
Based on literature review, ANalgorithmhasbeen predominantly used to achidagh
prediction accuragywhich was the focus of most preus studies. However, the
interpretation oprediction proceskas notyetbeen the focus of previous studies, which
Is in fact crucial to pavement M&R decisiomaking.
Using the input parameters suggested from literature review, a decisionoegand a
random forest model for IRI prediction were constructed. After algorithm optimization
and pruning, both models achieved promisiesults
Both DT and RF models presented clear visualization of decision trees. Although the RF
model hadslightly higher accuracy, it consists of multiple trees with high structural
compleity which can be difficult to understand and analyze. On the other hand, the
single tree from DT model hdtter interpretabilityallowing for conciseunderstanding
of prediction process.
Data quantity and quality significantly affect model prediction accuracy. Based on data
inconsistency issue on current pavement database, general rules for future data collection
schemes are summarized:

o The collection frequency and imtl for all types of data must be carefully

considered and planned prior to the official opening to traffic.
o Coarresponding update of collection frequency and interval should be made to

each major M&R event.
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1 In-situ pavement monitoring must include iling types of measurement: AC strain,
soil pressure, temperature and moisture at various depths, and frost penetration.
Innovative SHM technologies and equipment are beneficial, but the design should also
pay attention to avoid device interference.
1 Finite element analysis (FEA) was utilized to investigate subsurface structural condition
with embedded sensors and under loading:
0 The peak Von Mises stress is located directly under the tire loading area at the
bottom of SP 19 layer
o0 The peak horizontal stra{fe33) along the vehicle travel direction was located
under the area in between the dual tire spacings at the bottom of the SP 19 layer.
0 The peak horizontal strain (E11) in the transverse direction is located in the tire
loading areas at the bottom of tBE 19 layer.
o Peak horizontal strains (E11 and E33) appeared in the areas that surround the
strain gauges
0 When the pressure cell embedded in the Granular B layer and 150mm below

| ayer’s top surface. it showedperegl i gi b

AC layers

1 Based on FEA results, when strain gauge and pressure cell are vertically aligned together,
to avoid potential device interference, a horizontal distance between pressure cell and
strain gauge shall be maintained at least 3 ft. The speeiffiical distance requirements
may depend on the material properties of the pavement layers. In order to capture the
peak horizontal strain, asphalt strain gauges should be place at the bottom of binder
course (SP 19). The spacing of strain gauges andupeesslls should be in multiple
widths to accommodate different vehicle axle width and different wheel path (e.g, 2.5m

2.6m for trucks and 1.818m for passenger vehicles).
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5.2 Research Contributions

In this research, key contributions were madakdiL -aided pavement performance data

analysis and situ pavement monitoring:

1 This study has providedsystematic literaturesview of Al/ML-aided pavement
performance prediction studies of which the outcomes help future researchers determine
effectivepredictive modelling strategies efficiently by reducing random errors and biases
and highlighting underlying problemshe most commonly used algorithm types, input
variables, output predictors, addtabases have been identifeadievaluatedrom the

review studies.

91 Previous Al/ML-aided pavement performance predictsbndieshavefocused on the use
of neural network$éANN) to achievehigh results accuracputwhethemore
interpretablealgorithmssuch aDT are also able to result in simil@vel of accuracy
while improving interpretabilithhas not beemvestigatedBased on the IRI prediction
modelsin this studyit hasbeendemonstratethatDT and RFalgorithmsare capable of
achievng promising accurey while providing cleaer decisionmaking visualization

usingpavement data.

1 Since LTPP is the largest pavement database in North America and highly accessible to
public researcherdy explaining the data selection and cleaning procefisssstudy
provides concise instructions of LTPP data preparation allowing future researchers to

reproduce/replicate the datasets from LTPRfodel advancements.

1 Based on the common data inconsistency problems on HaRBasethis study has
initiated the regulation planning of mechanistic data collection and formulated criteria for
optimizing condition data collectioiligh data quality and quantity help prediction

models to maximize the performance.
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1 How asphalt strain gauge and soil pressureatfct the pavement structure under
loading has been discovered via finite element approach. The interaction between strain
gauge and pressure cell has also been identiisdd on FEA modellingllowing the
sensor layout design to avoid the interfeeentstiff pressure cell in strain measurements

and reading errors

5.3 Recommendations for Future Work

Based on the outcome of this thesesssommendationfor future work are summarized:
1 Develop machine learning models based on the exidttaget for IRI prediction using
other supervised learning approaches including neural netémbetter compare

di fferent al gorithms perfor mance

1 Compare the accuracy and efficiency all typealgbrithmsand identify the advantages
and limitations okach type of model. Discuss and evaluate their overall practicability
and implementation feasibility (i.e., the c@stectiveness ratio of input data complexity
and computational cost to accuracy)

91 Develop detailed pavementsitu pavement monitoring datollection regulations
defining specific collection frequencies and periods. Improve the existing conditional
survey data collection scheme: may reduce the survey frequency but the scheduling
should be carefully consulted with pavement management experts

1 Develop a preliminary prototype of muftinctional wireless sensor that allows for real
time monitoring of asphalt temperature and strength.

1 Initial the pilot section construction, determine the location of instrumented area, and
adjust the instrumentian layout and device selection based on actuaitincondition
accordingly (e.g., may increase the depth of pressure cell position based on the actual
thickness and quality of subbase layers).

Establi$ an online cloud repository for data exchangeregje and management

91 Conducting initial conditional data collection and material characterization.
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1 Once the instrumentation site starts to function, integrate theopistructed machine

learning frameworks onto the accumulated datasets and furtheizaptira models.
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Material Property for ABAQUS from AASHTOWare ME Design Manual

Table B-1: Design Details for the Mixes

Appendi x

Asphalt Mixes

Mix . PG | Traffic | . Rap | Ant- | Warm Mix
Code Mix Grade | Level Highway Class Mix stripping | Additive&
Additive Modified
1 70-28 D Freeway . -
2 54-28 E Freeway 1% r:;.rdrated -
SP12.5 FC2 me
3 64-28 D Freeway 15% -
4 Bd-34 E Freeway 1%6 hydrated -
lime
5 64-28 D King's Highway 15% - -
0.5% Adhere 0.5%
[ $P12.5 ECl 58-34P c King's Highway 20% LOF 65.00 Euatherm
1% Adhere
7 58-34P D King's Highway LOE 65-00 Polymer
0.5% Adhere
] 64-34 D King's Highway LOE 77-00 Polymer
E 58-28 c King's Highway 20% -
0.5% Adhere
10 58-34 c King's Highway LOE 77-00 -
0.3%
5P12.5 .
11 58-34 c King's Highway Euatherm
Secondary 0.5% Adhere
12 =4 8 Highway LOF 77-00 i
Seconda 0.5%
13 52-34 B o " Redicote .
Ehway 2914
14 B4-28 E King's Highway 20% -
0.5% Adhere
15 64-34P D King's Highway 20% LOE 77-00 Polymer
0.5% Adh
16 58-28 D King's Highway | 20% ere ;
LOF 65-00
5P13.0 0.5% Adhere
17 58-34P C King's Highway 15% LOE 65-00 Polymer
1% Adhere
18 58-34 D King's Highway 10% LOF 65-00 -
19 52-34 B King's Highway 30% -
20 SP25.0 58-28 D Freeway 15% -
21 SMA 70-28 E Freeway 1% Tm:‘“d ]
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Dynamic Modulus of Asphalt Mixes

Frequency, Hz

Temp. °C 0.1 0.5 1 5 10 25

-10 133125 15744.7 169453 | 19552.1 207799 | 221722
4 6286.3 7804.9 8530.1 10784.0 118782 | 12963.0

ix1 21 2526.8 3286.9 3623.5 4963.6 5642.0 6243.8%
37 1099.0 1368.2 1495.1 21113 2499.9 27476

54 419.5 5239 576.5 8955 1093.4 1019.8
-10 112730 136704 148378 | 175952 19008.] 20801.5
4 5305.6 66RE.2 7339.5 9463.2 10474.1 11655.5

ix2 21 21614 2769.9 3038.2 4188.6 4804.6 5532.4
37 1009.0 1229.3 1325.3 1820.9 2167.1 24913

54 409 .8 502.4 5359 801.1 957.0 1038.2
-10 131347 15546.5 166718 | 193218 | 205009 | 218636
4 6585.0 8524.4 0481.9 12078.5 134475 15023.3

ix3 21 2498 1 32524 3564.9 5095.7 5904.7 6822.2
37 12463 1542.7 1675.3 23626 2801.4 3169.3

54 467.3 557.7 5984 BRTR 1029.5 07,4
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Dynamic Modulus of Asphalt Mixes

Frequency, Hz

Temp. °C 0.1 0.5 1 5 10 25
-10 64357 8143 .4 89452 115654 | 128186 | 141454
4 32052 3376.1 3680.2 5037.5 57529 6545.4

Mix 12 21 1368.9 1540.2 1663.4 2199.7 2563.9 3064.3
37 716.5 855.2 907.6 1178.6 1384.6 1595.6

54 263.3 312.2 3291 471.7 5522 5274
-10 10335.] 12721.1 13862.7 | 166365 | 178958 | 194157
4 4302.2 5662.6 62426 2A00.4 9706.7 10638.7

Mix 13 21 1685.2 2309.6 2561.9 3891.1 4666.5 54425
37 6565 8087 8857 1259.7 1565.2 1955.1

54 220.4 2710 2895 4202 507.0 5492
-10 200725 | 227337 | 238820 | 264084 | 274630 | 291457
4 103207 | 127395 13963.0 | 168786 | 183085 | 202158
Mix 14 21 4114.6 5424.9 5930.2 8264.1 94357 108228
37 1627.0 2162.1 2386.5 3558.0 4290.9 4759.3

54 486.7 6348 T06.0 1108.5 1353.2 1413.8
-10 105273 128916 | 140524 | 168712 | 182098 | 198985
4 4708.1 6169.8 6357.9 91716 10317.9 | 114012

Mix 15 21 1738.7 2242.8 2474.5 3555.9 42026 4983.7
37 RS0.0 10078 1089.0 1487.6 1795.6 2144.6

54 3304 385.8 416.2 506.5 7216 795.3
-10 137783 162715 17365.0 | 198%6.1 | 209934 | 225779
4 67454 R681.3 B553.00 123686 | 135547 | 145736

Mix 16 21 2625.4 3415.9 3830.9 5621.2 66117 74416
37 9982 1292.3 1381.5 2034.5 2532.8 2015.8

54 350.0 465.8 491.8 750.1 9759 940.7

141




Base and Subbase MateriaProperties

Unbound Granular Granular | Granular | Granular | Gran ulnr
B-1 B-11 B-111

Layer Thickness (mm) | Project specific

Poisson’s Ratio 0.35

Coefficient of Lateral 0.5

Pressure (ke

Resilient Modulus Mo ! 250 150 200 150 200

iMFa:i

Gradation and other

engineering properties

Aggregate | 75um | 3 A 5 4 2.5

Gradation |~ 300 mm 13.5 335 13.5 18.5 -

(percent | 1.18mm | 27.5 55 25 35 7.5

passing) | 4.75mm | 45 60 375 55 325
9.5 mm 61.5 - - 66 ]
13.2 mm 77.5 - - - 70
19.0 mm 92.5 - - - B7.5
25 mm 100 75 75 75 97.5

Liquid Limit . ] 11 11 11 ]

Plasticity Index _ 0

Is layer compacied Yes

Maximum dry unit Calculated

weight (kg/m”) _

Saturated hydraulic Calculated

conductivity (m/hr)

Specific gravity of Calculated

solids

Optimum gravimetric Calculated

water content ('T)

Mote 1: The resilient moduli shown are based on new materials. Reduction in resilient modulus for existing granular
can be up to 40% depending on the condition of materials.
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Ontario Subgrade Soil Classification

Brief Description | Category MTO Drainage Susceptibility Mg Mpr Mg
No. Classification | Characteristics at Frost (MPa) (MPa) (MPa)
MTO, 1980 Action Good Fair Poor

Rock, rock fill, e

shattered rock, 1 Biﬁg;’f: Excellent None 90 50 70
boulders/cobbles R

Well graded

& :‘:ﬂﬁ "‘;:_‘1 sands 2 GW, SW Excellent Negligible 80 70 50
pgranular borrow

Poorly graded e i . Megligible o - -

eravels and sands 3 GP, 5P Excellent to fair slight 70 S0 35
Silty gravels and 4 GM, SM F:air to .“i.l.:]!‘li- Slight to 50 15 10
sands IMPervious moderate

Clavey gravels 5 GC, SC _PrﬂCilL;:d.l.l‘_'." Nﬂgll%’,]blﬂ to 40 10 35
and sands IMPervious slight

f‘]’]?: wad sandy 6 ML, MI Typically poor Severe 30 25 18
Low plasticity I o .

clays and 7 CL, MH Fractically Siight to 35 20 15
compressible silts HHpetvIors vere

Medium to high . Semi-impervious | Negligible to

plasticity clavs 8 CL CH 10 HMPervions SEVErE 3t 20 15

143



Ontario Subgrade Material Property

Subprade Type

__CH | CL-ML | ML Ml | MH | SM |
Unbound

Laver Thickness (mm) | Semi-infinite
Poisson's Ratio™ 0.45 (saturated) 0.3 (dense)

0.2 {unsaturated) 0.325 0.15 {coarse-grained)
0.25 (fine-grained)
0.4-0.53

Coefficient of Lateral Pressure (ko 0.52-0.60
Modulus
Resilient Modulus (MPa

Gradation and other enginee

0.47-0.58

Refer to Table 21

Agpregate 0.002 mm [ 30 37 60 16 11 25 40 8 13
| Gradation (percent 0.075 mm 80 B8 92 84 74 82 B4 29 32
_ passing) 0. 180 mm 84 92 94 Ll 86 91 91 58 48
_ 0.425 mm 91 95 96 92 91 95 96 72 56
_ 2.00 mm 95 98 98 96 95 98 99 84 86
_ 4.75 mm | 97 | 99 99 08 96 | 100 100 90 93
_ 9.5 mm | 99 | 100 100 99 1o | 100 100 94 100
_ 12.5 mm | 100 100 100 100 100 100 100 97 100
_ 19.0 mm . 100 100 100 100 100 100 100 98 100

[ 25.0 mm | 0o 100 100 100 100 1 100 100 100 100

Liquid Limit 26 41 67 22 26 42 53 18 22

Plasticity Index 12 21 43 6 3 15 21 4 10

Is laver compacted Yes

Maximum dry unit weight (ke/m™) Calculated

Saturated hvdraulic conduetivity (m/'hr) Caleulated

Specific gravity of solids | Calculated

Optimum gravimetric water content (T) Calculated
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