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This thesis for the MSc. Programme Construction Management & Engineering was written
during the academic year of 20B®17. | remember when Irfit stepped into the office of the
supervisor of my graduation committedr. G.Z. Gamz@ Dane at miesummer of 2016. That
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this subject. At that moment | had meetingsth ing. Pieter van Dueren den Hollander to

make a probability model for degradation of asphalt construction otnere, because

Wl SA2YIl yaQ ¢ thededadation2urveldiB&asgbait. We came up with the idea

to construct a database and with thiitabase] could produce a prediction model. | started

Fd Wl SA2YlIyaQ Ay (KS o60S3aAyyAy3a 2F {SLIWGSYO6SNJ

The last 8 months | have been working on thissis. In thdeginningjt was not easy to scope

the research problem and to produce a valid database. But, it was interesting, fun, and have
learned a lot about how to handle data. During {@cess) have learned how to pick the

right data, merge dat, andanalyzingdata. Furthermore, | have learned a lot about how to

LIN2 RdzOS LINBRAOGAZ2Y Y2RSfao L gyl G2 (GKFyl a
| want to thank my graduation committder having the faith in mand that | ould do it. And

last but not least | want tthank my brotler MSc. Quinten Boersma who Haspedmeduring

the process of this thesis. | sometimes felt lost and he always inspireahchgave me good

feedback during the process

Jens Boersma,
Rosmalen/Utrecht,
April2017
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Summary

In theNetherlandsa shiftfrom traditional contract to mairgnance contracts has taken place

in the infrastructural sector. Thereforepntractorswant to know how their producbehaves

over time. Due to the new contradorms, the contractors are responsible for the design,
construction, financing, and maintenance of a project through these maintenance contracts.
This implies that following this new contract design, the contractors, and no longer
Rijkswaterstagtare now responsible for the risks involved with a project.

Having to work with this new contract format, contractors have an inangamterest in risk
assessmentegarding he degradationof asphalt and espeally porous asphalt concrete
(PAC). PAS widely used as a surface pavemémthighways dueo its properties. Present

about 90% of thehighways are provided with a PAC construction, this indfea® in the

future. PACcharacteristids that noise pollution decreaseslue by traffic Furthemore, it is

easier to drain water thadense asphalt concrete (DAC). These properties are caused by the
fact that PAC constructions have a higher percentage of air voids. The disadvantage of PAC
surface pavement is that idegrades fasterover time. Furthemore, predicting the
degradation rislovertime of the surface pavemeris atthis moment not accurate

Literature research showthat traffic loading and environmental factors have the largest
effecton degradatiorrisk onPAQver time. These factors often caustype of damage called
‘raveling. Ravelings caused by the fact thalhe granuleis forcedout from the binder. This is
because the binder loses its flexityilover time due to traffic loadingnd environmental
impact.

This researcliocusses orhow to predict the degradatiowaused byraveling According to
laboratory researchpredictingwhat the degradation risks are for a longer time PAC surface
pavement due to sampling, is difficultherefore, in this studya statistical method has been
chosen to make a more accurate prediction of asphalt degradation over time. The question
for that matter is;'To what extent is it possible to predict the risk factor of excavation that
affects the degree of degradation ofsphalt on the highways in the Netherlands, based on
external factors that affecthe fatigue difference of theop layer?'

The predictive model has been developed by combining different empirical data sets and
plotting them over time These data setsiclude construction dates of the existing surface
pavementsof all highways in the Netherlas, type of asphaltiraffic loading in the
Netherlands, local weather data, and the statethe asphalt throughvisual inspections.

To merge the data sets, theoftware program 'Feature Manipulation Engine' (FM&3been
used This progre is used to link information witkach other. Asphais divided into100-
meter tiles. The followiry information is linked to th&00-meter tiles subjects: Construction
date,date of inspectionthe numberof days exposetb cold days colder tharl0 C, the state

of the asphalt atthe time of inspection and the traffic load that theLOO-meter tile was
exposed to during the liteycle of the pavement-urthermore, according tthe literature
truck traffic has the highest impact ohe degradation on the surface pavement. Therefore,
only the driving lanes that are used by truck traffic are used for this research.
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The data acquired in this research stswignificant scatteringTherefore,we applied a
filtering technique in order to properly analyze the dawith this filtering technique the
correlation between environmntal impact and traffic load over theme of degradationwas
analyed. The data showthat these variables havasignificanimpact on the degradation of
asphalt and thathe amount ofscattering increases over time. The data also shows that the
traffic load has a bigger impact with respect to the effects of cold weatheweder, he
scattering most likely caused by the initial state (quality) of the surface pavemsnained

This implies that the produced plots and applied filtering technique weteccurate enough

to produce aprediction nodel. Therefore we have chose to plot the measured data
differently. In these new figures, we have chosen to plot moment whigy@ asphalt has
degraded so much that it no longer meets the requirements of the contract (fatigue failure)
Theseplotsfilter out the scattering Theresults showthat traffic loadingstill has more impact
than cold weaher. The datasets which depict the impact of weather and traffic load together
show no clear difference with respect to the datasets which only show the effects of traffic
intensity.

This way of plotting isised toproducea bestfit curve. In order to produce théestfit curve,

the cumulative beta distributioiicumulative distribution functiofCDF)is used The fatigue
failureratio iseasyto implement in the model. Furthermore, C3flexibleand has a natural
curve The CDmodel has been adapted as bdtby means of a regression analyzes. In this
research, we assess the standard divination of the measured data with the predictive model,
using a moving averagdhis calculatecerror is then used in order create a Monte Carlo
simulation which captures the scattering in the defarthermore,in alldatasetsthiserroris
greaterthan the difference between thecenario ofdnly trafi O f 2ahdRhesgehdpioof
Yaffic loading combined with cold weath@These scenariosere implemented in a Monte
Carlo simulation model to simulate the risk of fatigue failure ratio over time.

Theconclusionof the research depicts thahe predictionmodel can predict that wherthe
traffic load icreases the risk of fatigue failure rataver time increases And that traffic
loadinghas amore significant inpact on the risk on fatigue failure ratiban cold weather
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Samenvatting

Doordat er in Nederland een verschuiving heeft plaats gevonden van traditionele contract
vormen naar onderhoudscontracten in de branche van de civiele uitvoering willen aannemers

beter weten wat hun product is en hoe het zich gedraagt over de Djdkont door dat

aannemers de verantwoordelijkheid krijgen over het ontwerp, bouwen, financieren, en het
onderhouden van een project door deze onderhoudscontracten. Rijkswaterstaat legt de
NA&EAO2Qa R22NJ RST S O2y iGN OlU@2NXYSy 6A2 RS |1y

Dit onderzoek focust A OK 2LJ KSG FSAG RIFIG FFYyySYSNBR GAf €
lopen van asfalt en dan met name zeer open asfalt beton (ZOAB). ZOAB wordt namelijk veel
gebruikt als toplaag voor snelwegen door de eigenschappen. Op dit moment is ongeveer 90

% van desnelwegen voorzien van ZOAB en dit zal alleen maar meer worden. ZOAB heeft
namelijk als eigenschap dat het geluid reducerend werkt. Verder kan het gemakkelijker water
afvoeren dan dicht asfalt beton (DAB). Deze eigenschappen komt omdat er ghuidze

ruimte in ZOAB zitten. Het nadeel van ZOAB is dat het sneller degradeert en men niet accuraat

kan voorspellen wanneer de vervangen dient te worden.

Verkeersbelasting en milieubelasting zijn volgens de literatuur externe factoren die invioed
hebben op het dgraderen van ZOAB over de tijd. Deze factoren veroorzaken vaak een type
d0KFRS 3ASYIFYR WNIFSEtAYIQd wlk FSEtAYyI 2ydadal
Dit komt omdat het bindmiddel zijn flexibiliteit verliest over de tijd door verkeersiieigen

de milieubelasting.

Dit onderzoek wil aan de hand van de externe factoren die invloed hebben op het degraderen
gty %h! . gl G KSi aOKI Rekunied vd&spelénNIt B dkbdart dpaii W NI
eerst te kijkennaar wat de literatuur hieover zegtVolgens laborairium onderzoek is het
nietaccuraatl S @22 NRLISEf Sy 4140 RS RSINFIRFGAS NARAAC
monsters uit het veld. Daarom, is er in dit onderzoek een statistische methode gekozen om

een nauwkeurigere vogpelling te kunnen maken van degradatie van asfalt over deDigd.

vraag die daar bij speelt is; 'In hoeverre is het mogelijk om de risicotactan rafeling te
voorspellen die de afbraakgraad van de toplaag van asfalt op de snelwegen in Nederland
beinvoeden, op basis van externe factoren die invioed hebben op het vermoeidheidsverschil

van de toplaag?'

Het voorspellende model is ontwikkeld doormiddel van verschillende empirische datasets

samen te voegen en deze te plotten over de tijeize datasetbevatten aan legdatums over

de aanwezige toplagen van alle snelwegen in Nederland, type asfalt, verkeersbelasting in
Nederland, weergegevens van weerstations, en de kwaliteit van asfalt doormiddel van visuele
inspecties.

Om de datasets samen te voegen h&t2 T gl NS LINBINI YYI WCSI {c
B 3 Ay S Qitpeo§ramina is gebruikt om informatie aan elkaar te linken. Asfalt is
opgedeeld in 100 meter vakken. Aan deze vakken is de volgende informatie gelinkt; aanleg
datum, datum van inspectie, aantdhgen dat de 100 meter vakken zijn bloot gesteld aan

koude dagen kouder dari0 C, de kwaliteit van het asfalt, en de verkeersbelasting waar het

100 meter vak is aan bloot gesteld.
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Voor het onderzoek alleen de rijbanen waar vrachtwagen verkeer gebruikmasakt is
gebruikt omdat volgens de literatuur de vrachtwagens de meeste en het snelst schade
aanrichten bij de toglag van de asfalt constructiBij het analyseren van de data is er naar
voren gekomen dat er een grote spreiding is in de gemeten data dwéijd. Daarom is er

eerst gekozen om te kijken doormiddel van een filtering techniek te kijken over er correlatie
tussen milieubelasting en verkeersbelasting met degradatie over de tijd. Hierin kwam naar
voren dat dat zichtbaar is maar de spreidingdblgroot en bleef toe nemen over de tij@ok

al, kan men zeggen dat verkeersbelasting een grotere impact heeft op de degradatie van asfalt
over de tijd dan de weerbelasting de spreiding bleef te groot om een accurate
voorspellingsmodel te kunnen maken nugze weergaven van de gemeten data te plotten.
Om deze spreiding er uit te kunnen filteren hebben we gekozen om er anders naar te kijken
en de gemeten data anders te plotten. Er is gekeken wanneer het asfalt zo erg gedegradeerd
is dat het niet meer volddeaan de eisen van het contrastermoeicheidsuitval). Er is gekozen

om de gemeten data te plotten als vermoeidheidsprobleemverhouding over de tijd, om de
spreiding er uit te filteren. Hier komt naar voren dat verkeersbelasting nog steeds meer impact
heett dan weersbelasting maar dan zonder de spreiddgk is er gekeken wat de impact is

van als de twee factoren zijn samengevoegd. Hierin, is geen duidelijke sigréficanti
waargenomen.

Deze manier van plotten is daarna gebruikt waarschijnlijkheidsmodaiaguceren. Om dit

te produceren de cumulatievdeta distributie (cumulatieve distributie functi@CDF) is

gebruikt omdat de vermoeidheidsuitval is geplot als ratio @m zijn flexbele natuurlijke
eigenschappertiet CDF model is er als best fit ingepasirgniddel van een regressie analyse.

De laatste stap in het proces is aangenomen dat de waarschijnlijkheidsmodellen waar zijn
maar wel een standaardfout mee te nemer©Omdat de standaardfout groter is dan het

GBS NE OKA f GdzaaSy RS arSuelystingJer? 8lsi de @eeysbelasting Sy 0
125S3S@P2S3aAR Ay KSG aOSyrNxR2od La SNJ 3S121 Sy
gebruiken om in een Monte Carlo simulatie te stoppen.

Uit het waarschiplijkheids simulatiemodel kan worden geconcludeerd dals de
verkeersbelasting toeneemt het risico op vermoeidheidsuitval eerder plaats vind over de tijd.
En dat verkeersbelasting een significantere impact heeft op het risico op vethsesuitval

dan weers impact
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Abstract

In The Netherlands new contract forrhaveemerged.Rijkswaterstaat (RWS) is the executive

I 3Sy0e 2F WaAyAailiNER 27T ahdishNiadeiolidelrirazburdl y R 9y
national network in the Netherland®RWSwvanted to shift the risks of projects from RWS to

the contractorsbecause contractors have the knowledge to construct and manage projects.

Dueto this new developmentcontractors need to shift thir focusfrom merelyconstruction

of the motorways toconstructon and maintenance of thenotorways. This means that
contractors neededio understandhow the pavement construction of the motorwalgehaves

during its life-cycle. Therefore, contractors want to know what the -epectancy is of

pavement constructions, anith particular the surface pavemerRavelings one of the main

damage types that causes degradation e surfacepavementin The Netherlands on
motorways Currently there are no practical models or tools available for understanding the

risks of maintaning a surface pavementowever Heijjmans has a method which empirigall

assesses thisrisk. ThisresMOK gAf f dzaS (KA & -O8QKE RYIOY f A SRS
This research focusem producing a empiricaldatabaseg A G K | &2F G 6l NB (22
Feature Manipulation Engine (FME). This tool is used to merge different datasets into one
database With this database two filtering techniquesare producedwhich can assess the
degradation risk The first technique inveks potting the degradation of the surface
pavement overa lifetime and the secondtechniquedepicts the fatigue failure ratiof the

surface pavement ovea lifetime. With plotted data of fatigue failure ratio ovetime, a

probability beta distribution curveis corstructed to prod®S | LINRPOF oAt A& W
simulation model to predict fatigue failure ratio of surface pavemdiite results show that

the first plotting techniqgueshows too much scattering over time in order to produee

predictive model. Theecond however, is in able to filter out the scattering and can be used

for the predictive model. The results also show the effects of cold weather is neglectable with
respect to the impact of traffic loading. Finally, our pretietmodel shows that high traffic

intensity results in a rapithcrease in failure at 4.8ears, in moderate traffic intensity this

moment occurs at 5.6 years and for low traffic intensity this moment occurslatears.

To optimize the argumentation of different subjects in this thesis, varggertshavebeen
consulted.These experts are consulted because of the lack of literatrélthe first expert

that has been consulted is Arthur Tameling. He works at HeijmariseaDepartment of
Heijmans infra asset management and acquisition as a project manidgas.an expert in the
topic contract forms. The second expert that is consulted is Wotteljser He works at
Heijmans as well at thBepartmentof Heijmans infradad construction as an Advisor. He is

an expert in the topic of PAC constructions. The third expert that is consulted is Rob
Kuppeveld. He works at Heijmans at thepartmentof Heijmans infra road constructicas

an advisors well. He is an expert in the topic visual inspections. The last expert that has been
consulted is Teun Schutte. He works at Mais as well at th®epartmentHeijmans infra
management and maintenan@sa projectmanager He is an expert in risk maragent. In
Appendix Byou will find all the interviews
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1 Introduction

RijkswaterstaatRW3A & G KS SESOdzi A @S FINF Sy N&zOAi TzNBa A yARE (BN
in charge of the infrastructural national network in the Netherlan@8VSs responsible for
constructionand the maintenance of the national road network of The NetherlaRWS is

not the stakeholder that does the construction and maintenance by theveself the road

networks, but the physical with respect to construction and maintenasmeeexecuted by
contractors¢ KA & gl & 2F g2NJAy3d A& NBO2NRSR Ay WEKS
Execution of Works 198Q9AV, 1980 Q ® ¢ K A & adgreemdnt bétvieknya Rlieriahd the
contractor that is used in the construction industry. It regulate®atractorbuilding contract

between parties. Furthermore, the UAV regulates ttemtractual relationship between the

client and the contractorThisré G A2y aKA LI F2N¥Y A& OF finftsR | Wi
form, the client asks a contractor to be responsible tbe constructionof a project or
maintenance of a project.

Today, naintenance for the surface pavement construction has a high priority for RWS.
Therefore diversmaintenance contractexistbetween RWS andontractorsfor maintaining
surface pavement construction@. Tameling,personal communication. March 12017).

RWS wants to achieve loAgrm quality of infrastructural projects, lower the costs and time
overruns(D.J.R. (Difdan Rijke) Vinke, 2013Yloreover, RWS wants to cut the cost in their
own organization and deliver more quality at their core tasks. Therefore, RWS created a new
credo tharkt, tenziQthe market unless). This credo means that RWS shifted the traditional
taskslike construction, maintenance of infrastructural projects to the private marKe.
realize this shift, a new contract form was used: Design, Build, Finance, and Maintenance
(DBFM)(Eversdijk & Korsten, 20Q9This impliesthat it is important fa contractors to
understand the degradatiohehaviorof asphalt duringts life-cycle.

In The Netherlands, Porous asphalt concrete (PAC) is the main used mixture of surface
pavement,significantly The major reason for this widespread use is that PAGHeaability

to significant reduce the noise level that is produced by cars, and ttiureksat speeds higher

than 50 km/h. PAC is a cheaper solution to reduce traffic noise than other options, like noise
barriers. The noise reduction is done, due to thghhpopulation density. Furthermore, people

live very close to the main roads in The Netherlafidagos, 2008)Therefore, due to the
properties of PAC, more than 90 % of the highways in The Netherlands has a surface pavement
constructed these day®&’. Zhang, van de Ven, Molenaal\&, 2016)

The aging of the PAC mixture surface layer is due to entering of oxygen, light, and water into
the pavement construction. This causes changes in the properties of the Ififdercken, L.,
Vanelstraete, A., and Verhasselt, 199%hich leads to durability issues by which the mixture
will be more sensitive to traffic and climatic loadifl)g T. Mo, Huurman, Wu, & Molenaar,
2007) The dominant damage type that influences the degradation of the surface pavement is
Ol f fa@IRd Wiradi, 2004b¥p Wiy @Qt Aa | GeL)S 2F FlLAfdz2NE g
get loose of the adhesion composition of bitumen and aggregate. The failure mechignism
due to the axle load ia combinationof the stress of the tires thatcull on the surface layer

of the pavement(L. T. MoHuurman, Wu, & Molenaar, 2008urthermore,environmental

load andquality of the PAC construction due to constructiare important factorgHagos,

2008)
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Laboratory aging methods on surface pavement do not simulagtd faging of PAC
constructions. The results show that laboratory aging is not capable of simulating more than
3 years of field aging. The UV light + humidity cannot be simulated in respect to field aging
(Hagos, 2008)

The am of this research is to predict the influence of the two parameters traffic load and
environmental load on PAC surface pavement by producing a statistical probability model over
time based on empirical data. According to Henning and R2Qd) there are no longterm
statisticalperformance models that can preditte influenceof traffic load andenvironmental

load over time on the deterioration of theRAGsurface pavementHenning & Roux, 2012)he
model that they developed;ould only predictravelingdue to traffic loadng. In thismodel,

no environmental load was included. Opera and (2I016) established to produce an
environmental load predictive model in a statistical W@ypara, Skakuj, & Stockner, 2018y
monitoring the PAC surface pament during winter and summerthese authors have
produceda probability model foraveling This thesis wilhim to merge the two parameters
and will make anew probability model.

1.2 ProblemDefinitionresearchand Research design

The maintenance part of DBFM contract is a crucial fgartontractors. Contractors want to

map the lifecycle of, tle surface pavement. This wgilvethe contractors a better view of the
degradation cave of surface pavement and tpossible to lowethe risk for the contractor.

To do so, it is important for contractors to understand the-tfele of the surface pavement,

so the contractors can predict the lifecycle of the surface pavement. The parameters
WSY@GBANBYYSY (Gl AYL¥BGQIEdZWVE Nilt & flay® cidcsaifrdialf a4 RIK B Q&
the lifeCO2 Ot S 2F (GKS &Adz2NFIFOS LI @SYSyid O2yaiNHzO0A
0KS | ALK f ( Q this &Eesegréhin this ses2aradzRVE Ry tak gktent whether it is

possibleto predict the risk factor ofavelingand its influence on the degradation curve of the

surface pavement highways within The Netherlands. We will focus on the infloéagternal

factors suchasclimate impactand traffic intensity. Therefore, the resed question will be:

Wich extrernal factordrave the highest impaain ravelingthat influences the degradation
curve of surface pavement at highways in The Netheradasl what is the risk impact of the
external factors on the fatigue failure of thedzNJF I OS LJ dSYSy (i KQ

To do so, a database is constructed, with empirical data. Inl¢tabasethe following factors

need tobe implemented aspatial dataset of all the PAC surface pavement highways in The
Netherlands local weather forecast, traffic itensity, and visual inspection on the surface
pavement The last datasek & LINR GARSR o6& | O2ywhdHoesvBudl Wl SA ¢
inspectons on surface pavementsxfertsfrom this contractoradd a degradation value to

the surface pavement acconlj to the matrix DW\AWijzer. Heijmans then have their own
YFGNREEZ Ottt OROWESNEYIASYERFSD ¢ Kanalwny | 4 NA E
G§SOKYAIljdzS OFfft SR WCIFAfdzZNE Y2RS> STFFSOouasz | yr
Oy (NI yaT2NNITISND YWhl2f2dzSheseyfvio natlixesNll Bekplaigeld f dzS @
Ay (GKS ySEG OKI LI S Nourtérmore Qitetalialdal Wibe stibgliestiSng 2 NJ Q ¢
answered during this research thesis;
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- W2 A00K 2F SEGSNYyIlf FFHO02NAR KIS I O0O2NRAY3
- W2 AG0K 2F Shavéé&otbfingtothelrisk@ RISAE K KS Yz2ad AYLIEC
1.3 Expected results

The expected redts of this researctareto produce a predictioomodelthat can prodict the
risk of faituge failure over time on suda pavement caused by independent variakitadfic

load and environmentalmpact (cold weather). This will be realized by mergispatial

datasets and plot the spatial datasets over tirfibe dataset is than the input farsimulation

model. The output of the simulation model will produaeisk modebf fatigue failure over
time for different scenarios.
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2. Literature study

This chapter depictan overview ofrecent developmentsn the literature The overview
RAaOdzaasSa GKS RS@OSt2LIYSyYyd | YFAYGSylFyoS 02y
al AYyllrAyQd CdzNI KSNY2NBZIZ r&dingYS OIKY B AOK § My R ff db
causethis failure. The last overview that will be described is the development of statistical
models of degradation othe surfacepavement.

21 W5SaAadys .dzZAftRE CAYlLFYyOSS YR alAyill Ay

This subchapter describes the useBafld, Design, Finance, and Maintain (DBFM) contracts in
The Netherlands. As earlier mentioned, RWS is a key player that is the executive agency of
WaAyYAaidNRE 2F LYTFNIAGNUzZOGAZINE YR 9YPBANRYYSyYicC
network in the Nethéands.The combination of all four disciplinesaisiniqueway of working

with a private-public partnership (PPP). A DBFM contract is initiated by RisM8ever, RWS

does not fully specify the demands of the project. The contract form forces RWS to describ
the requirements on a functional level. This gives the private party the necessary space to
design a solution that meets the functional requireme(gse figure2.1) (Vervoort, 2013)
Furthermore, during the desigphase the private party also should take into account the
construction, finance, and, maintenance phaséshe project. This is due to, that thgivate

party must settle the complete project that generalsts betweentwenty and thirty years
(Vervoort, 2013) This means the DBFM contract form, shifts the traditional tasks to the
private party. The private partg then responsible for the design, consttion, finance, and

the maintenance of the project. This mains that RWS has contact with just one party who is
responsible for the completesalization and maintenance of the project. RWS advantage of

the DBFM contradiorm is with complex planning issu#ige controlling of time, money, risks,

and reduce uncertaintie@Eversdijk & Korsten, 2009)

I Client I

DBFM-contract

I

Financial agreement

Stakeholders’
agreement

Insurance contract

Build- and exploitation

contract ,7, Option
Figure2.1: Shemeplot of keyplayers in a DBFM contra@@yndeks2017)

— Contract(s)
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The combination of design, construct, finance, and maintenance of a project is for private
parties a new way of working. With traditional contracts, different disciplines tendered
separately. This mains that there was no imputsecontractors to invest in optimal lifeycle

in cost assessment, like in material use, process, and asset managemetEveisdijk &
Korsten, 2009)

Due to &ck ofimpulse before the DBFM contractsere introduced, the maintenance part of
the contract is essential for the contractao a DBFM contrac{(A. Tameling,Personal
conversation March16, 2017). The investment of the design and construction need to be in
optimal balance with lifecycle of the project, so the contractbasthe optimal maintenance
cost during the contract period.

To find the optimal balance in the lfgycle of the project durigthe contractperiod, empirical

data need to be collected to predict the ltgcle of the surface pavement. So thahe risk

for a contractor during the maintenance period can be minimized. The problem is that
contractors do have empirical dateollectad but do not have astructured datdase.
Therefore, adataset needs to be constructed todriven predictions about lifeycle of the
surface pavemenfA. TamelingPersonal conversatioiarch16, 2017).

2.2 Porous asphalt concrete

Asphalt (or bitumen in the European Union (EU)) is a residual product from the non
destructive distillation of crude oil. Asphalt is mainly used in paving the r@aldsahem,
1938)
Until the 1980s asphaltic surfaces were laid directly on sand beds.
PA 16 50 After the 1980s foundations were being used to reduce the

| AC 16 Bind T-z0db-A " - 50 asphalt thickness. Thpavement construction of the highway

.- 'AC16Base 01-A" <. 40 nowadays usually consists of 2@ntimeters of asphalt (four

| AC22Base01:A’. . 80 layers of dense asphalt withh PACQonstructionthat is used as
T ST surfacelayer)(seefigure2.2). Theasphalt layers arstabilzed on
A 22 Bise 01 ) 0 a foundation othe aggregatemix. Highways that are constructed
RO in the past, usually have aapproximate thickness of 40
LSy 48 2 centimeters (Nijssen, Wilfred A M G, Marc J.A. Stet, Wim A.
' Base course ! 250 Kramer, n.d.)As earlier mentionechiThe Netherlads, PAC is the
SN RSN main used mixture of surface pavememiue to the abilitiesof
noise reduction Moreover, compare the PAC mixture to dense
asphalt concrete (DAC) mixtures, who have not these abilities,
Subbase due to the air voids in the mixture. DAC mixtures cami@n air
void percentage between 3 and 5 %. PAC mixttmesgh have

T an air void percentage between 20 and 27D4e to the dense

Figure 22: Standard asphalt paving construction in the NetherlgiNssen, Wfred A M G, Marc
J.A. Stet, Wim A. Kramer, n.d.)
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a mixture of DAC, the binder film thickness covering the aggregates is thicker. The result of
this covering of the aggregates has influence on the agingof the surface layer of the
pavement constiction (Kandlal & Chakraborty, 1996)

The aging of th&®AC mixturesurface layer is due tentering of oxygenlight, and water into
the pavement construction. This causes changes in the properties of the Ififdercken, L.,
Vanelstraete, A., and Verhasselt, 199¥hich leads to durability issues by which the mixture
will be more sensitive to traffic and climatic loadifi)g T. Mo et al., 2007 he binder or also
called bituminousnortaris a mixtureof a filler, fine sand fraction, and bituméHagos, 2008)
The aging of the binder has influenceon the lifecycle of the PAC surface pavement. The
average service life is lower thalmet average service life of DAC.

100% |~—==c---------—=" R et ooty ol A o

ST g \ Mean service period of PA

\\/

Poor performance E\t curves o /
or bad road sections Service life of 1
- \ emmergency lang

- \ \ (road shoulder) %
&= \
=

Cumulative tr%ffic loading

Performance

Time (years)
Figure2.3: Schematicdescriptionof the degradation curve of PABagos, 2008)

Figure2.3 showsadegradation curve of a PAC surface pavement construciiba.curves are
performance lines and display the lifecycle of the surface pavement construction. The
dominant damage type that influensdhe degradation of the surface pavement is called
Yhavelind (Miradi, 2004by  WiwA yRgpe &f failurk where the aggregate particles get
loose of the adhesion compgdion of bitumen and aggregate. The failure mechanism is due
to the axle load iracombinationof the stress of the tires thatcullon the surface layer of the
pavement(L. T. Mcet al., 2008)The bituminous mortar binding absorbs theghtraffic load

as displayed infigure 2.5. The plot exposes a situationbefore the load andvhen the load
appears.This failure mechanism is a very common failure in PAC construdiion$o,
Huurman, Wu, & Molenaar, 2014jor a brief overview of othedamage types se@ppendix

A)). Furthermore, ugo 90percent of the fatigue failures of the surface layers of PA&/eling
(Opara et al., 2016 herefore,whenravelingis initiated on the pavement the deterioration
appears rapidly (sekgure 2.4).

2.3 Environmentalimpactand traffic load

According to M. Huurmaat al (2010)the highest impact oenvironmental loadindgactor on
the degradation of theoad surfaceis a low temperature This low-temperatureinfluences
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ravelingin two ways. Firstthe presenceof salt brine, whichdepresses thdreezing point

below zero, @auses a cycle of constant freezing and-fueezing This leads tahe frequent
exertion of mechanicdbrcesin the surface pvement construction. The secomafluence is
mainly caused by the decrease of relaxation potential of aged mortar of the PAC construction.
The binder of the surface pavement is getting more britilging agingM. Huurman, Mo, &
Woldekidan, 2010Furthermore, according thliradi (2004a) the pavemem construction will
become more sensitive to cold days when the asphalt ages. Huurman et al (2010) discovered
that when the bitumen ages and the temperatudeop to -10 °C the stress on the bitumen
increasessignificanty. Therefore they arguedthat the relaxation behavior of bituminous
mortars degrades as temperatures decreases.

100
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Traffic load has by far the highest impaon fatigue damagg4avelingand it isdepended o

the use. Traffic load is divad ino two influential groups, named heavily loading lanes and
lightly loadedanes(Vervoort, 2013)This research is focusing oretheavily loadethnesdue

to the fact that these lanes show by far the most raveli@mmercial trucks with an axel
loads of 100kNcause themost degradation on the surface paveme(¥l. Huurman et al.,
2010) The mechanism of thdailure on the pavement ishe combination of stresses that
occursjust after a tre passes over a particlge.T. Mo et a[2007)(see figure 2.5). At that
moment, minor tension in combination with sheatressis affectingthe contact areaBased

on these studies it caalsobe said thathe bitumen in the pavement becorsenore sensitive

to tire stresse during aging as wedk withcolder temperatures.

Anotherimportantfactorwhich isof significant impactnthe badperformance of PAC surface
pavement construction is poor workmanship during constructigfagos, 2008) These
authors showed thatfor poorly constructed asphalt, the bindages fastr, and therefore
hasan influence on the amg of the PAC constructiohe lifespan of PAC can be low as 4
years(Hagos, 2008(seefigure 2.3). The binder ages fastelue toa virility of factors(Hagos,
2008)

- Variations during the production of the asphalt mixture;

- Segregation of the aggregates and dripping off of the mortar during transportation and

construction of the surface pavementixture;
- Poor control of temperature during construction;
- Moisture issues in asphalt mixture duettee environment(Opara et al., 2016)

In this thesisthe focus will not be on the external factood the quality of the asphaltiuring
construction timedue to the lack oémpiricaldata.

2.4  Statistical methoslof external factors that have an impagh the degradation
of surface pavement

As earlier mentioned, l@oratory experiments are not capable of accuratsignulatingPAC
field aging for more than 3 years. Variablés UV light anchumidity cannot be simulateth
respect to field agingHagos, 2008)L. T. Mo, Huurman, W& Molenaar, 2011)

Therefore, his research is aiming to makee of astatistical approach in order tpredictthe
degradationof the surface pavement becauseraveling According tdD. Bawwmeester at al
(2004)a probabilityapproach wilprovidebetter life-cycleinformationon surface pavemenst
with respect tonormal deterministidaboratorymethods Thisis because od few advantages;
the most prominentone beingis thatwe can investigate howavelingis influenced by each
variable. This is possible due to the factors that are directly adedun the mode[Opara et
al., 2016) Furthermore, the statistical appach can quantify the importance of different
factors, and relationships between tke factors. This approach is done by using an
exploratory analgng method. The approach produces an overview of the dataset, such as
distributionsand apparent relationships between the traffic load and time fac{bisnning &
Roux, 2012) The datasets contain spatial datuch as age surface pavement, surface
pavement type, traffic network (traffic load), location surface pavemand the condition of
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the surface pavemenfThe datasetshowed by Oparaet al., (2016)contain spatial dataair

temperature, the cause of the degradation of the pavement, surface pavement type, location,
and the condition of the pavementhe statistial models that are developed by Opara et al

(2016) and Henning & Roux (201®y to capture the influence of traffic load and
environmental load separately.

Opara et al., (2016) and Henning & Roux (2@&2H a linear regression approach in order to

produce aprobability. This approach shows a better understanding of therall data
O2YLRaAldAz2ys &adzOK Fa RAAGNROdziA2Yy A | YR
AT E | yhilthiskese&ch we will make use of a regression model asliwdue to the fact
that a regression model can capturelationships between variablesuch as trafficdading
and environmental impact

Henning & Roux (2012) probability results show that the probabilitgvagdlingis 0.5 at 6 years
because ofraffic loading (see figure 2.6). Furthermorey find out that low volume roads
ravel faster than high volume roads. This is oppositeat they expected Therefore,in this

LJILJK

research will make use of 3 groups of traffic loading; light, moderate, heavy, to capture this

expectation and combine this traffic loading with environmental loading.
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Figure 2.6: Predictingaveling initiation for PAC surface pavem@denning & Roux, 2012)

In thisresearchwe try to combine the impact of cold weather and traffic intensityone risk
model. Furthermore, according to Henning & Roux (20it? clear that there is a common
need to understand the risk of failuraore than know the deterioration over time. Therefore,
GKA&a NBaSFNOK Aa GNBAYy3I G2 Ol LJGadzNB (KA a
The visual inspections are fiermed in respect withk S W HBvizérthat is developed by
RWSDoorduijn et al., 1994)he develpment of the classiation systems established due
to expert consultancy. The experts developed the tool by msezrvisual inspections. Due, to

dzy R

N

S
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the lack of experience and knowleddhe experts did not add weight factors to classify the
damages. Their recommendation in9@was to anale whether it was necessary to add
weight factors to the classification tool. This could lea@taore accurate classification tool
(Doorduijn et al., 1994 eijmansdeveloped such a tool in 2012 and added weight factors
to the model by using the FMEQ@#ethod (T. Schutte, personal communicatidiarch 14,
2017) The modeis used to plot risk diatiguefailure overtime (seeChapter4, Results)

2.5 Conclusion

In the first section of this chaptethe DBFM contractorm and their impacton contractors
who operate in the infra technical environmeate explainedDue to the new contradiorm,

the risk of financeand maintenance of therojects shift from the client to contractors
(Eversdijk & Korsten, 20Q9)herefore, contractors want to reduce rigksring maintenance

of infrastructuralprojects.Due to, the lack of knowledge of surface pavement behavior during
their life-cyclethe focus of the contractors is to map the degradation of surface pavement
over time.

In The Netherland®0 % of the surface pavement is carried out in PAC construgtiagos,
2008) The performance over time of the PACvement is lower than DAC pavement
constructiong(Hagos, 2008)Therefore, contractors want to know what the average lifespan
is of PAC pavement constiions and what is the impadf external factors on the life span
of the pavement construction. External factors like environmentald and traffic load have

a significanimpact ondegradation(M. Huurman et al., 2010)

This research is focusiog to producea statisticalrisk of fatigue failureover timemodelfor

PAC surface pavement. This will be realized by making use of a statistical appmoieh.
method that isused is the classification system of RWS the base. The classification will be
linked to the surface pavemerts well the impacof externalfactors suchasenvironmental
factorsand traffic loadingDue to, the fact that theséactors have the most impaan the
degradation of the surface pavemenfVervoort, 2013)M. Huurman et al.,, 2010)
Furthermore, these external factors are separate obseverd and analyzedstaitistical
methods(Henning & Roux, 201@)para et al., 2016)n thisresearchthe aim isto combine

these external factors and produce a prediction risk model with bove indegr@neeriables

in the model.
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3. TheoreticaFramework

In this chapter,the theoretical frameworkwill be describedFigure3.1 showsthe methods
that are used for achieving the gdak producing a prediction model for raveling over time
Torealize this prediction model, empirical data is need#al structure themodel. As was
described in the previous sectipdifferent variables are responsible for the fatigue failure of
raveling whichis: Traffic intensity, environmental impaafuality of theconstruction phase
of surface pavement, ahaging of the surface pavement.

As earlier mentionedat allimportantfactors can be implementeid the model Forinstance,
because of thdackof empirical data, lte quality of the cmnstruction phase of the surface
pavenent is not included. Furthermore, this initial parameter is believed to be of significant
impact on the degradation of asphgKuennen, 2013)However, manitoring of initial asphalt
quality during the construction phaseis still under developmen{W. Heijsser personal
communicationMarch 13, 201Y. Unfortunately, arface pavementhat is monitoredis too
young to include in thenodel (W. Heijsser personacommunicationMarch 13, 201Y.

Theefore, factors that are included in the modate traffic intensity, environmental impact,
and aging of the surface pavemeseg¢ figures.1).

Data collection:

Spatial dataset
surface pavement

Produce a predictive
Spatial dataset Data manipulation, and model for different
Historical management tool: scenarios:
Temperatures in The
WG EETH

Spatial dataset
Historical traffic
intensity on the
Highways in The
Netherlands

Degradation dataset
Historical observed
surface pavement of

highways in The Data analyses:
Netherlands

Figure3.1: Schemeonceptual framework description (data approach)

3.1 The datasets that are implemented in the model

This subchapter is about the different datasets that are used to produce a merged dataset
that will be used to make a prediction model. In the datasets that are usa@hnts
independent and dependent variables will be collected to produce this prediction model. The
following subchapters will be about the datasets that are collected for the management and
manipulation tool; surface pavement of all the highwayshe Netherlards,a spatial dataset
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of the independent variable environmental impaatspatialdataset of the independent traffic
intensity, and the visual inspections of the dependent variable of the surface pavement.

3.1.1 Dataset arface pavement

The dataset othe spatial surface pavement 8 t f SR WYSNYDL{ Q®d ¢KA & |
nationalroad systemof The Netherlands and is a geographimimation system (GIS) based

in ArcA@S The producbf KernGIS is a digital mapahich, objects are exposed as points, lines,

or polygons This dataset is updated every year. This research is using the last update from 01
09-2016(Rijkswaterstaat, 2016bY heattributes of the objects arélisplayed in a table when

the user clicks on the objecThese attributes show; date of construction, pavement type,
driving directionocation and hectorvalues.Due tothese abilities the datasetcan be used

for analying. The use, oKernGISis primarily to manageéhe maintenanceof the national
motorwaysand national waterways. Furthermore, KernGIS is used to source the Network
Information System (NIS), for RWS. So, RWS can manage the performance of their
administrative task¢Rijkswaterstaat, 2017)

3.1.2 Traffic intensity dataset

The dataof the traffic loadng on the highways isollected byRWSas well The dataset is
called (Dutch: INtensiteit op WEgVAkken (INWEVRIjkswaterstaat, 2016approximately

3000 road sectionare stored in the datasetin these roadsections the traffic intensity is
monitored. Tle rest of the road sectiortsave been estimated according ttraffic models. The
scope wado measure the intensity of the traffic is all the carriage lanes, access ramps and
exits, parallel lanes, and concteon roads. Thelataset produces a yearly meger section.

The set is further disaggregated in working days and weekdays. Furthermdhe st
disaggregated imorning, evening period and vehicle classes (light, average and heavy). The
dataset is updted every year and is available since 2(Rikswaterstaat, 2016a)

Thevehicle classhat is used for thigesearch isheavytraffic. Vehiclesthat belong in this
classificatiorare elevenmeters in length or morand have araXe loadof 100 kN peaxleor
more. In the softwaretool, INWEVA this class is expressedl8 This assumjxn ischosen
dueto the literature(M. Huurman et al., 2010YhisW¥ [ atass isccording to the literature the
cause ofravelingof the surface pavement-urthermore the lane where the heavy traffic
generdly travels is the outer lane. Therefore, is the scope narrodean to only the outer
lane of thehighway.

3.1.3 Temperature dataset

The dataset of the environmental temperature in The Netherlands is derived from Royal
Netherlands Meteorological Institution (Dutch: Koninklijk Nederlands Meteorologisch
Instituut (KNMI)). KNMI is an institution that is forecasting the weather, monitaifieg
weather, climate, air quality and seismic activiti@goninklijk Nederlands Meteorologisch
Instituut, 2016) KNMI collects all the data their data center. The weather is monitored in
The Netherlands by 325 weatheasibns. The first monitoring wadone on 0101-1901in \Pe

BiltQ The weather station is still monitoring till this present daje weatherstations are
monitoring different parameters, such as maximum temperature, lowest temperature, wind
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speed, hours of sunshine, air pressure, and humidity. The scoffee ahonitoring will be
narrowed tothe lowest temperatures, because lowest temperatures have the highest impact

on degradation on the surface pavement accordingHtaurman et al., 2010Therefore the

model will make use of days that have a temperattk® C or lower (Opara et al., 2016)
Figure3.2 displaysan example oR weather statiors, called?9 A Y RK § &S wawhich. A f (0 Q
showthe amount ofdays that exposes temperatures that havi® C or lower in a year. In

this model 24 weather stations are includeshich are located ativer The Netherlands

Weather station '‘Delen’

14 4

12 N

...

cony
s

sar

10 4

Days that exposes T-min <-10C° in a year

.........
.

A
T

. 3 :
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Years

------ Weather station 'Eindhoven’ e« ee=Weather station 'De Bilt'

Figure 3.2: Grafh where 2 weather station displayshe amount ofdays in a year, where the
temperature is belowl0C.

3.1.4 Visual inspections

The most important dataset that will be added to the mobaeli KS Q@A & dzl ThisA y & LIS (
dataset containghe state of the surface pavemenlihe dataset contains théollowing data;
inspection dates, degradation classification, heetatue, driving direction, lan¢he causeof
degradation (if there is degradatiorgnd location. The visual inspéions areproducedby
Wl S A 2Due i§ h€change of theontractformsthe contractors are responsible for the
visual inspectionsThe visual inspections are mainly done behind a monitor. Al tharty
called€yclomedi&provide the footage for inspecting the surface pmant. This footagés
executedby car,with on top a 360 camera. However, the problewf the visual inspections
isthat W1 S A andpest thesurface pavement onckhis provides the problem thattée of
surface pavement is not monitodeduring its lifecycle. This is becausigat contractors work
behavior is mordn respectto the older traditional contract formsTherefore, therds no
monitored measured dataset that can be used for this resedRKuppeveld personal
communication. March 13, 2017However,if you use all different data points you can
produce a degradation curvé@histechniquewill be further explained in thesubchapter8.3
analyzng manipulated datand making assumptio@s®
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The visual inspectioa are producedaccording to instructions oORWS. RWS provides an
instruction manuakhat is calledDWWwijzer (Appendix CDWWuwijzer). In thisdocument
w522 A 21 &guikeling lBow to locate and to classifyamage.

The damages aréassifiednto three severity gradesee figure3.3), lightdamage (classified

as 1), moderate dange (classified as 2), and serial#nage (clasified as 3). Next, lse scale

of the severity grade that is categorizethe motorway is divided to 100-meter lanetiles.
Thesel00-meterlanetiles areonthe left sideinspected as othe right side of the motorway.
These tile than is classified. The scale of the damageaissidied in three groupsmall scale
(classified as A), limited scale (classifas B), large scale (classified as C). For this research
ravdingA & (GKS deLlS 2F RIYF3AS GKIG Aa
shows a damage type wherel® % of the first layer of granules has bderced-out (per
square mete), the second group, shows a damage type where20% of the first layer of
granules has beeforced-out (per square meter), the third class shows a damage type where
more than 20 % of the first layer of granules has bfeoed-out (per square meter).

Damage Severity grade
1 2
Light damage Moderate damage
Ravelling

On PAC surface pavement (per m? from
lane)

6-10% of the original
granules in the surface

avement are forced-out. lout.

| ]
'11-20% of the original granules !> 20% of the original

!in the surface pavement is forced‘!granules in the surface

Ipavement is forced-out.

dza SR F2NJ

Damage Scale of the severity grade
A B
Small scale Limited scale _
Ravelling ' '
(% length of a 100 metre tile) <15% 115 till 25% 1>259%
Figure3bo Y @324 SN (Gl o0t S { Ktrtaielingdamaded SR T2 NJ Of  aaA¥Ffer

The scale of the damage is measured in percentages aswethen in a tile of 100meters.
This means, how often does the severity of the damage acctire 100-metertile. The first
Ot  aaArTAOl A 2 yravkliags ten RS thanKl 5% &f thé tifhat 8hdw darfafe.

¢t KS aS02y R Of hesiaeloffttiedyelingks thefi betwaen 05 a5 % of the tile
that show damage. The last classificatiotVis the size of theavdingis more than 25 % of
the tile that show damager-urthermore, an important part is that RWS demands that after
Wh. Q GKS GGAfS ySSRa (2
maintaining the ftie.

The problem with ths classification systemtige risk factorof maintenance of the tilés not
included. This means that classificationas chronological. Whethe damage is classified as
W mit d@es not mearthat the next stepover timeisWm . Q%
order. This means that there needed to be a more chronological classification to capture the
degradation of the asphativer time

Therefore, Pleijman$2has produced a tool that captures the risk factver time. they
developed a model tonderstand the risk of the degradatiadhat was exposed during the
visual inspection. This model translates the classificaitiom a risk factor that camrapture
when the tile needs to be maintained. In theodel, two metlods are included, known as

Wwm/ Qib chBmologal WH .

0 S istiereity showhe/ BidRipof ¢ KS K A
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probability model due tathe fact that this model adds causes to the degradation classification

(the following subchapters will explain the modé&l Schutte, personal communication. March

14, 2017).

O

3.1.4.1 FMECA method

Failure Modes, Effects and Criticality Analysis (FM&@8)originally developed by United
States military(US Department of Defence, 194%is methods designed t@analyze possible
failure mades for a product or process. Becauséhi$ method, the risk can be estimated with
thosefailure modes. The method can raptoblems in terns of importance. Furthermore, the
method can find the most serious concernsingidentify and carry out corrective actions
(Bertolini, Bevilacqua, & Massini, 2006MECA is designed to have a bottag approach.
This approach can break down any system dpod and/or production process). FMECA
breaks the system dowmto fundamental componentsThe methodcan detect all possible
failure modes andhe effects on the components. this analyze of the failure modesthe
modes give thenformation (US Department of Defence, 1949)

- The model breaks the system in a hierarchical matter, $ntosystems and final items;

- The model makes a list and description for the process/product &matlyzes any

failure or generic malfunctioning;
- It classifies the probability, harshness, atetectability of all the failure modes that
present themselves;

- Thepart Criticality Analysis (CA), ranks all failure in order of priority.
In order b decrease the impact afsk of potential failurescorrective actions can be taken.
This is done by checking treffectiveness ofinterventions and compare the CA to the
solutions that can be implemented. The evaluation of the failure mode can be achiesiegd,
two different approachedq(Pelaez & Bowles, 1994)Bowles & Pelaez, 1995)The first
approachis called Criticality number (CN), the secapgroach icalled Risk Priority Numbe
Tochoose, from one of these approachea traceabilitysystem need to be implemented and
managed. This involvédabelingseveral problems, that have the highest priority related to the
information. Furthermore, the choice that is documented, recorded, and recovered, according
to a material management flow system.

3.1.4.2 RAMS method

RAMSs a method that is aollectionof techniques that can provide for target a prediction of
the performance of the required system. It is an indicator that can be both used quaditati
andquantitative,to the degree that the system, or the subsystemsd components thieare
included in hat system. tl predicts thereliability of the function as well specifies, both
availablity and safety of the system.h& method is frequently used irh¢ construction
industry. Due tothe investment costs that have a higher priority than the performasfdée
building system. According to, the authorities, reliability, and more availabilityeohational
motorway network has a high priorifArJibouri & Ogink, 2009)



































































































































































































