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ABSTRACT

The development of a non-contact sensor capable of determining they apfalit
asphalt pavements during their construction is addressed in thestalies. Adequate
compaction of asphalt pavement during its construction is negefwathe proper
functioning of the pavement over its design life. Rutting, crackmog,holes and other
forms of distress in asphalt pavements can be attributed panthyproper compaction
during the construction process. While the mechanism of pavemeutefad well
understood, there are no widely accepted tools that can determupgathg of the entire
pavement during its construction. Furthermore, quality control and anceptaiteria
require the extraction of roadway cores from the finished pavensch tests are
destructive in nature and also contribute to the early deteriowaitithe pavements. The
complexity of the compaction process and the limitations of the ssstd have led
researchers to develop advanced compaction technologies, such ageinitelli

Compaction (IC).

Intelligent Compaction is an emerging area of research dttampts to extend
mechanistic-empirical design principles to the compaction of boamdl unbound
aggregate materials and soil subgrades. Intelligent Compactiasesl on the hypothesis
that the vibratory compactor and the underlying pavement layersaf@mapled system
whose response characteristics are influenced by the changpeytps of the pavement
material. IC techniques estimate the stiffness of the pawvietager by observing the
vibratory response of the roller during compaction. One of the tioms of IC

technologies is that the measurement values reported by thesesdeannot be easily

Xiv



verified through in-situ measurements of density or dynamic medulhe lack of
established theoretical foundations has also limited the widespceagdtance of these

technologies.

In this dissertation, the problem of ensuring adequate compaction of asphalt pavement
during construction is addressed through the development of a matteématdel that
can replicate the compaction process in the field. The aspha&ineav is first modeled
as a Visco-Elastic-Plastic (VEP) material and the eqnatgoverning the motion of the
coupled system comprised of the vibratory compactor and the asphaltengsveloped.
The parameters of the model are shown to depend on the propertieagpltaé mix, as
well as the type of vibratory compactor. Numerical simulatidnesvsthat this model can
not only capture the effects of static rolling, but can alsarately predict the effects of
vibratory compaction. The VEP model can also account for the effeaspifalt mat
thickness and temperature on the quality of compaction. The sinmul&sollts along
with the data recorded during the construction of asphalt pavementisexa to validate

the hypothesis of Intelligent Compaction.

The theoretical results of this dissertation are central tdelielopment of verifiable
Intelligent Compaction technology. The Intelligent Asphalt CompactAnalyzer
(IACA) prototype that was developed during the course of this rths®m is the first
step in this direction. This prototype was successfully tested \mratetypes of dual
drum vibratory compactors such as IR DD110, IR DD118, IR DD132, and IR DD138HF
manufactured by Volvo Construction Equipment Company, Shippensburg, Pennsylvania
(formerly Ingersoll Rand). The field evaluation of the IACAasvcarried out at Six
different construction sites between June 2009 and April 2010. Thess mmdtusively

XV



show that the IACA can not only be used for effective quality cordrtoing the
construction of asphalt pavements but can also serve as a non-destouciity

assurance tool.

It is anticipated that the research carried out in this dasartwill pave the way
towards closed-loop control of vibratory compactors for intelligempaction of
aggregate materials and soil subgrades. Improving the quality @msisiency of
pavements during their construction will increase the life spaheofdads, reduce the
cost of their maintenance, and reduce the impact of road constructidrafficdon the

environment.
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Chapter 1 INTRODUCTION

Improper compaction of an asphalt mat during construction is aatpaduse for the
early degradation of asphalt pavements. Excessive ruttingkimga potholes, etc. that
are signs of failure of asphalt pavements can be avoided by wsagQuality Control
tools during the compaction process and through the adoption of better caorstruct
practices. The most reliable method of measuring pavement ydensthe Quality
Assurance process is the extraction of field cores at sduveadions and evaluating their
air voids in the laboratory as specified in AASHTO T-166: “Bujpe8ific Gravity of
Compacted Bituminous Mixtures Using Saturated Surface-Dry SpesinfAASHTO,
2007a). This test method, however, is time consuming, costly, destruatidenot
indicative of the overall pavement quality. Alternative methodsrfgridace measurement
of density of hot mix asphalt (HMA) layers include both nuctiarsity gauges and non-
nuclear density gauges (Herbert and Jennette, 2011). The nudedrdevices tend to
have problems associated with licensing, equipment handling, and stordgeecently,
non-nuclear gauges have started to become an alternate tool fitly Qoatrol (QC) and
Quality Assurance (QA) measures. All of these technologiesvabnly point-wise
measurements of density during the construction of an asphalt pavarhenmanual
process of measurement is time consuming and results in avoiddhies de the
construction while not reflecting the overall quality of the maeet. Thus, there is a
need for integrating sensors into vibratory rollers and to develop automatedgsex
that can provide real-time QA/QC data and serve as an indicator of tled tdv

compaction achieved during construction.



1.1Importance of the Problem

The United States has over 6.4 million kilometers (4 million shitef roads, paved
and unpaved. About 4.3 million kilometers (2.7 million miles), 67 percenhesktroads
are paved with asphalt (FHWA, 2008). The United States relies eavilground
transportation for both commercial and personal travel. Paved roadseudefor the
delivery of 70 percent of all domestic freight in the country and 8@epérof the
American communities receive their goods exclusively via trfékisA, 2008). Each
year, these roads are used by truckers to transport 81 perdetdl dfade between the
United States and Mexico and 64 percent between the United Stdt€anada (ATA,
2008). In addition, personal car ownership in the United States is orelufjttest in the
world. As a result, well maintained asphalt paved roads and highavaysgital to the
economic health of the nation. However, lack of proper tools for eféecuality
Control and the burgeoning truck and commuter traffic has led foic daterioration of
road infrastructure in the nation. The statistics in Table 1 irelitett at a conservative
estimate, about 53 percent of the roads and highways in the Uridéss $rave a
serviceability rating less than 3.5, which implies that theads@re in fair to very poor

conditions (FHWA, 2005; 2006; 2007; 2008).

Table 1.1 US Roads with serviceability rating less than 3.5
Percentage*
2005 2006 2007 2008
Rural Major Collector 549% 50.9% 52.8% 53.7%
Urban Minor Arterial 53.7% 52.2% 52.5% 53.9%
Urban Collector 55.9% 55.2% 56.1% 57.9%
All Highways and Roads 549% 52.3% 53.6% 54.9%

*The “Present Serviceability Rating” (PSR) values range from 0.1 to
5.0; higher PSR values represent smoother riding roadways.




In 2006, the US government was required to spend $139 billion for theemaince
of highways and bridges nationwide (USDOT, 2006). This number is egpécte
increase to $150 billion by 2015 due to inflation alone (USDOT, 2006). Thislisype
does not take into consideration the expansion of roads and highways.otéhe t
expenditure for construction and maintenance of asphalt pavementsxseiss of $25
billion annually and over 300,000 men and women are employed in the asghatry
(NAPA, 2007). Therefore, the asphalt industry is central to the econeetibeing of the

nation.

Inadequate transportation infrastructure impacts the economy iy disect and
indirect ways. According to the Minnesota Transportation Allianddeir report entitled
‘A Roadmap to 2040." poor roads lead to increased traffic congestid cost of vehicle
ownership (MTA, 2011). In 2009, Americans on an average spent 4.8 billios hour
waiting in traffic at a cost of $115 billion. The cost to the average commuter daéfito t
congestion was $916. The deficient transportation infrastructureeslstied in a loss of
Gross Domestic Product (GDP) to the tune of $125 billion. It is patied that failing
infrastructure will add cost of more than $2 trillion cost togbenomy by the year 2040.
In addition to this the cost of added business expenses is alsdeekpede over $1

trillion (MTA, 2011).

Poor quality of the paved roads also has an adverse impact on vehiculaaisdfety
environment. A study to investigate the relationship between dlgeidncy of accidents
in highway segments and pavement distress variables suggestesttarelationship
between the Present Serviceability Index (PSI) and theofaéecidents (Chan et al.,
2008). Since over 550 million tons of hot mix asphalt (HMA) are produnddokaced
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each year, the construction and maintenance of these roads alsodostlg anpact on
the environment. The construction of one mile of Hot Mix Asphalt (HNdAyement
emits an estimated 900,000 kilograms (2 million pounds) of carbon dioxid&Ogr

(Stripple, 2001).

In summary, high quality and long lasting asphalt paved roadssaential to ensure
a strong economy, good riding quality, safer roads, less traffigeastion, reduced

maintenance costs, and reduced air pollution.

1.2 Scope of the Problem

Asphalt pavements are designed to carry traffic loads with nmimi physical
deterioration, maximum safety, and maximum ride comfort. Based ownlesign, an
asphalt pavement is expected to bear traffic loading up to 30 nE#Ls (Equivalent
Single Axle Load) over a 20 years life span (TxDOT, 2011). Afied asphalt pavement
is the result of a multistage process: from pavement desigroristruction, Quality
Assurance, and specifications. However, the compaction of asphalisnihe last
procedure that asphalt materials go through during this multigteapess. Therefore,
proper compaction of an asphalt pavement is necessary to achigesigised properties

and to ensure its performance and longevity.

Compaction in the field is commonly performed using a vibratory cotopathe
vibratory compactor applies both static and dynamic forces Kiveigd vibration) in
order to increase the interlocking between the aggregates anolythedece the air voids
in the compacted mix. Compaction reduces the permeability of theammdxincreases the

load bearing capacity, resistance to deformation (or rutteng), the durability of the



pavement (VLR, 1992). The compaction that is achieved depends te a&idegt on the
underlying base, the type of mix used, the thickness of the asphais,laand the
environmental conditions at the time of placement. In addition, the dieasity and
stiffness of the compacted pavement are affected by the numbelteo$, the type of
rollers, and the rolling pattern used during the compaction procebsr@@man and

Dwight, 2008).

A well-designed and controlled compaction process is essentatién to achieve
good quality and long-lasting asphalt pavements. Under-compactienafigrieads to a
high percentage of air voids in the pavement, making it susceptibleoistune
infiltration, oxidation, and cracking (Arambula et al., 2007). On the dthed, over-
compaction results in low air voids that could result in asphalt igeduring hot
weather (USACE, 2000). Over-compaction could also result in the ogusbi
aggregates, thus altering the mechanical properties of the pavé@rhergfore, poorly
compacted pavements do not perform up to designed specificationseasdbgect to
early degradation and deterioratigigood QC method during the construction process
can identify and correct many of the issues mentioned above, thus |leadimgraved

pavement quality.

1.3 Motivation

The complexity of the compaction process and the limitations ofpibetests have
led to the development of advanced compaction technologies (Zamdtraho 2006).
Intelligent Compaction (IC) is one such technology that can imptteveguality of the

road being constructed while reducing the associated cost and adwerssnmental



impacts. This technology functions on the premise that the vibratorgamtor and the
material being compacted form a coupled system whose dynaoperpes change as
the material is compacted. The alterations in the vibratory resmdriee compactor can
therefore be used to estimate the density and the stiffness ofiatezial during the
compaction process. Adequate Quality Control of asphalt pavements intlwdvakility

to measure compaction quality in real-time, and then accordngtify the compactive
effort of the vibratory roller by changing its operational pagters, namely amplitude

and frequency of eccentric forces.

Existing compaction monitoring devices from equipment manufacturardrégg,
2008; Connolly, 2008; Rawls and Potts, 2008; Akesson, 2008; Rakowski, 2008) are
based on a principle of vibration analysis that was developed in the sexenties
(Thurner and Sandstrém, 2000). Many of these devices are based osutn@tam that
the first harmonic of the vertical acceleration of the drum is proportionaétmagnitude
of the impact caused by the rotating eccentrics in the drum (Trhante Sandstrom,
2000). The measurement values that these devices provide cannot be ddmpasein-
situ measurements such as density or dynamic modulus. In additeorgirep machine
properties and the variability of individual machines make it hawebtain accurate
measurements using these devices. Since there is verythigtheetical or mechanics
background in the development of these techniques, very little iraghbe gained into
the compaction of asphalt pavements. While there have been a udigssbon the
compaction using these techniques, such studies have focused on soil compadti

very little research addressed the compaction of asphalt pavements (Mbahge2G10).



1.4 Scope and Contributions of the Dissertation

1.4.1Scope of the Dissertation

While it is generally understood that the quality of asphalt pawénduring
construction can be improved using Intelligent Compaction techniques, some
fundamental modeling and control issues have to be addressed beforecsumtues
can be proven successful. A closed-loop control strategy for the kdlenot be
developed without a proper understanding of the underlying dynamdtshe ability to
feedback required information in real-time. The aim of theedigBon is to develop a
theoretical framework for studying vibratory compaction and toyathypé framework to
the development of IC strategy. In order to accomplish this goaklythamics of the
interaction between the roller and asphalt mat will be firstmered. A sensing
technology that can estimate the level of compaction (densgiiffiress) of the asphalt
mat in real-time during construction will then be developed. In thardisymodel, the
vibratory compactor is represented as a second order systepnigeanof mass, spring,
and damping elements. The asphalt pavement is modeled as aE\&4stio-Plastic
Burger’'s material using a combination of a Maxwell model ancelik-Voigt model.
Laboratory test results are used to determine the paranudtéhe proposed Visco-

Elastic-Plastic (VEP) model.

The dynamic equations representing the behavior of the VEP nsdbbwn to be
computationally tractable and in a form that is conductive to nunhestiicalation. It is
also shown that the parameters in these equations are dependbatrohliet and the

properties of the asphalt mix. Furthermore, it is shown that thesenpters can be



calculated from experimental results in a straightforwardiéas Numerical simulations
are used to show that the model accurately predicts the coorpaéthot mix asphalt

(HMA) in the field.

The experimental verification of the intelligent sensing proposé#usrdissertation is
accomplished through the development of a rugged, real-time Intelliysphalt
Compaction Analyzer (IACA). The IACA technology was first dentatsd in 2006 and
was shown to provide real-time measurements of the density dasptealt specimen
during laboratory compaction (Nino, 2006). The performance of the |Afotype is

evaluated during the construction of both full-depth and overlays of asphalt pavements.

Comparison of the simulation results with data gathered duringxgprerimental
verification of the IACA during the construction of asphalt pavements is astddy the
utility of the proposed model in developing continuous compaction control for the

Intelligent Compaction of asphalt pavements.

1.4.2Contributions

In this dissertation, the problem of ensuring the adequate compadtiagphalt
pavement during construction has been addressed through the developmant of
mathematical model that can replicate the compaction proces$e ifietd. A Visco-
Elastic-Plastic (VEP) model of an asphalt pavement is develddcan effectively
represent the dynamic properties of the asphalt mat during cbampathis model is
then integrated with a mathematical model of a vibratory cotapacorder to study the
response of the coupled system during compaction. The parametieesnoddel are first

estimated from the dynamic modulus master curves of the aspixallThese parameters



are then continuously updated to accurately represent the promérties asphalt mat
during compaction. Detailed mathematical equations are developédrelate the
changes in the asphalt mat to the vibratory response of the daliely compaction.
Numerical simulation of the VEP model shows that the response ofecbspétem can

be used to study the compaction of asphalt pavements.

A rugged prototype of the IACA system has been developedpitetype IACA is
easily installable on any vibratory compactor, and is ablstimate the compaction with
accuracy suitable for its use in Quality Control and Qualityufessce. The IACA
prototype has been successfully tested on several types of duwal dbratory
compactors such as IR DD110, IR DD118, IR DD132, and IR DD138HF manwgactur
by Volvo Construction Equipment Company, Shippensburg, Pennsylvania (formerly
Ingersoll Rand). The evaluation of the IACA was carried out durihg
construction/remediation of the asphalt pavements at six diffdateataxross the United
States. Roadway cores were extracted at randomly selextatiohs on the finished
pavement and the density of the cores was measured in the lalthesh§SHTO T-166
standard method. The validation of the IACA performance was achibyethe
comparison of the IACA estimated density with the density ofdhdway cores at these

random locations.

The measurements from 180 roadway cores over the duration of thet sloyeved
that the IACA was able to measure the density of the comppatezinent with a mean
error of 0.1 percent (of the Theoretical Maximum Density) astaadard deviation of
0.8. Furthermore, the measurement error had a 95 percent confidesrealiof [-1.2,
1.2], thereby indicating that the IACA is suitable for use @aality Control tool during
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the construction of asphalt pavements. The utility of using IACA fealify Assurance
was also demonstrated at two different construction sites. Th#sretowed that the
IACA estimated density has a statistically significantreation with the density
measurements obtained from roadway cores. Furthermore, thetest density had a
mean error of 0.1 with a 95 percent confidence interval [-0.4, 0.6]nrstef air voids in
the compacted pavement. Statistical analysis of the IACA dmaesl that the IACA
estimated density has a range comparable to that measurech&ooatiway cores. The
results of the field tests disclosed in this dissertationfyuite use of IACA for QC
during field compaction as well as for computing the PWL for deteng the pay

factors.

1.5 Dissertation Structure

In Chapter 2, a mathematical model of the compactor and asphalt pavieme
introduced. The parameters in the dynamic model from experiméatal were then
determined. In Chapter 3, simulation results for different compaatiemasios and their
comparison with field compaction data are presented and discussedapteC4,
background and operational principle of the IACA system and its devetbpane
discussed. Results of the field demonstrations and detailed pdeswi of the field
evaluations are then presented. In Chapter 5, statistical QAakiyrance using PWL
calculations based on roadway cores and IACA estimations has bessnted. In
addition, the use of IACA system as a Quality Assurance antity)@antrol method are

discussed. Finally, conclusions and scope of future work are presented in Chapter 6.
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Chapter 2 VIsco-ELASTIC -PLASTIC M ODEL OF ASPHALT-ROLLER

INTERACTION

2.1 Introduction

The long-term performance of an asphalt pavement is direetyed to its load
bearing capacity and is determined by the stiffness achiewadgdthe construction
process. Inadequate compaction is known to cause early deterioraiggaeément and
ultimately reduce its useful lifespan (Bohuslav, 2008; VLR, 1992krQke past two
decades, several researchers have studied long-term pavemegsesst like rutting,
fatigue, and thermal cracking, over a wide range of traffic eiidate conditions
(Bonaquist and Christensen, 2005; Cominsky et al., 1998; Chen and Huang, 2000;
Pellinen and Witczak, 2002; Shenoy and Romero, 2002; Witczak, 2002; Zapata and
Houston, 2008; Loulizi et al., 2007; Desai, 2008; Zapata and Houston, 2008; Wqo et al
2008; Goh et al., 2011). While the effect of compaction on the longgerfarmance of
the pavement is well understood, Quality Control during the construdfiothese
pavements is still an under-researched area. In recent gearsal researchers have
looked at Intelligent Compaction as a means of improving the quafitasphalt
pavement during its construction (Gallivan et al., 2011; Minchin eR@08; Cao et al.,
2010; Beainy et al.,, 2011; Singh et al., 2010; Commuri, 2009a; Commuri, 2009b;
Commuri and Beainy, 2011; Commuri and Zaman, 2008; Commuri et al., 2009;

Commuri et al., 2010a, 2010b).
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Intelligent Compaction techniques are based on the hypothesisi¢habtations of
the roller during the compaction process are dependent on the stibfntss material
being compacted. Since the vibratory compactor and the underlyindtasphdorm a
dynamically coupled system, the vibrations of the compactor would depenttie
properties of the material being compacted, as well as the iopatdtctors such as the
frequency of the eccentrics in the roller drum and the ground speled adller (Thurner
and Sandstrom, 2000; Commuri and Zaman, 2010; Beainy et al., 2011). Opasthe
decade, this hypothesis was used to implement several Inteligempaction techniques
(Anderegg and Kaufmann, 2004; Akesson, 2008; Connolly, 2008; Rakowski, 2008;
Rawls and Potts, 2008). These IC techniques are being evaluatecesl 8partments
of Transportation (DOTs) and the Federal Highway Administration (Quimtais, 010),
but have yet to be ratified and accepted as a Quality Assunaetted. This is mainly
due to the lack of theoretical and/or mechanistic models that cam@ragight into the
guality and accuracy of the estimated stiffness. Furtherrtftgeestimated measurements
provided by these commercial devices are difficult to vehfpugh in-situ tests in the

field (Quintus et al., 2010; Chang et al., 2011; Hossain et al., 2006).

In recent years, some researchers have started to inveshgatelationship between
the roller and the material being compacted. However, a majofitjhhese works is
geared toward the study of soil compaction (Mooney et al., 20h@) sfiffness of the
soil depends on the moisture content and the density of the soil. 8gesadence makes
it difficult to verify the results during field compaction. Furthermydhese results cannot

be extended to the compaction of asphalt pavements in a straightforward manner.
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Researchers have attempted to develop numerical techniquesl ass veslalytical
models to examine the behavior of asphalt pavement during its coompdtzi-Hui Shen
and Shu-Wen Lin (2008) used asymmetric hysteresis modeling to igatesthe
dynamic characteristics of a vibratory compaction systemngUshe Bouc-Wen
differential equation (Ismail et al., 2009), the authors derived anrasyrical model and
used it to describe the nonlinear characteristic of the ralbeations. While this model
addresses the nature of the observed vibrations, the propettesasiphalt mat were not
taken into account in the analysis. Recently, Eyed Masad et dl0)(2&ed Finite
Element Method (FEM) to describe laboratory as well as fiefdpaction of an asphalt
mix. Using a thermo-mechanical framework, these researcheetoded a constituent
model that was capable of capturing the mechanics of the compactoesses. In
addition, the micromechanical model that was developed was able tatptiedi
influence of material properties such as binder viscosity, agtgedpape characteristics,
and aggregate gradation during the static compaction of asphathepedlicaelo et al.
(2009) used micromechanical Discrete Element Methods (DEM)inulae field
compaction of asphalt material. An inverse modeling scheme wastasgcify the
displacements as the input to the model. Similarly, Lodewikus (2664¢loped a
discrete element model to study their ability to simulatectmapaction of HMA. While
these results are encouraging, significant research remoabesdone in order to be able

to accurately model the compaction of asphalt mixes.

Analytical models such as the Maxwell, generalized Maxweklvik—Voigt,
generalized Kelvin, Huet—Sayegh, and Burger models all represeasghalt pavement

as a combination of springs and dampers (Nillson et al., 2002; Pronk, R&d5et al.,
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2006). Unfortunately, barring Burger's model, these models are edhgslex or do not
accurately predict the behavior of the asphalt mix (Xu and Salkama2009). Burger’s
model on the other hand is not only simple but can accurately detueibdscoelastic
behavior of an asphalt pavement (Liu and You, 2009; Liu et al., 2009). However, thes
models were used by researchers to study the long-term beb&ta pavement under

traffic loads and not the interaction of the roller and asphalt during field abiopa

In this chapter, a Visco-Elastic-Plastic (VEP) model of aaphalt pavement is
developed that can effectively represent the dynamic propefttee asphalt mat during
compaction. This model is then integrated with a mathematical Inobde vibratory
compactor in order to study the response of the coupled system duripgatimm. The
proposed model captures the loading and unloading phenomenon that an asphalt mat
experiences during compaction. The parameters of the VEP medérsarestimated
from the dynamic modulus master curves of the asphalt mixin®Puhe numerical
simulation of the compaction process, these parameters are confgnupdated to
represent the changing properties of the asphalt mat. In Cl3aptemerical simulations

of the proposed VEP model are used for validation.

The rest of Chapter 2 is organized as follows:

a) Representation of a vibratory roller using a second order lumped parameter model

b) Determination of a mechanistic model that captures the visstieplastic behavior
of the asphalt mat during field compaction.

c) Derivation of the interaction between the vibratory roller and tpbasmat during

field compaction.
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d) Specification of the boundary conditions for the transition betweenotdnlg and
unloading states of the asphalt pavement during compaction.
e) Method to estimate the parameters of the model as a functitre elumetric and

rheological properties of the asphalt mix.
2.2 Development of the VEP Model
2.2.1Modeling the Vibratory Compactor

Asphalt compaction is a densification process aimed at reduwéngitt voids in the
mix and improving the interlocking between aggregates. Vibratory cdrmopagsing a
smooth steel drum roller is typically used to compact the aspimalin order to achieve
desired load bearing capacity in the pavement and to improve tathsmass of the ride.
A combination of static forces (weight of the drum and the fraame) impact forces
(caused by the rotation of eccentric mass in the drum) issddpy the roller to affect the
compaction of the asphalt mixture. The impact force is direetited to the geometry of
the eccentric weight and its rotational speed. The frequencyhandnplitude of the
centrifugal forces generated by the rotating mass ar@ tesguantify the compactive
effort of the roller (Lavin, 2003). On a particular compactor, thesanpeters can be

adjusted either through mechanical or electronic settings.

The centrifugal force generated by the rotation of the ecceméights in the drum of

the compactor can be expressed as

Fpe = Tnecrecwec2 (2-1)
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wherem,1,. is the moment of the eccentric mass; angd is the angular frequency of

rotation.

In the present study, the compaction achieved in response italvading of an
asphalt mat is considered. Lateral forces resulting from themot the compactor and

lateral flows of the asphalt mix are ignored.

Figure 2.1 VEP model: a third order lumped element model of the interaction obwbrat

roller and underlying asphalt pavement.

A compactor can be represented by a second order lumped elementvitiodedss,
spring, and dashpot components (see Figure 2.1). This model has been proven effective in
modeling the dynamics of a vibratory compactor during soil congrafAnderegg et al.,
2006; Susante and Mooney, 2008; Dubravka and Davor, 2008). In this model, the spring
and the dashpot represent the flexible coupling between the framdemdutn. The

mass of the frame is denotedrag and the mass of the drum is denotedrgs The
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centrifugal force caused by the rotation of the eccentricspresented in the model as

sinusoidal force acting in the vertical direction.

Fpe = Tnecrecwec2 Sin(wect) = Tnecrecwec2 Sin(zrffect) (2-2)

wheret = k G) k =0,1,2,3, and so on; andg,. is the frequency of rotation of the

eccentrics.
2.2.2Modeling the Asphalt Pavement

Unlike soil, which can be effectively modeled using a parallel pation of a
spring and a dashpot, asphalt material is a complex compound (Anagragg2006;
Susante and Mooney, 2008; Dubravka and Davor, 2008). The viscoelastic be&havior
asphalt mix depends on the volumetric and rheological properties, suain asids
content, binder viscosity, loading frequency, effective binder contentthangradation,
shape, and texture of the aggregates. In addition, the dependencevadctisity of
asphalt binder on the temperature makes the behavior of the materialcomplex.
Several mechanical models have been proposed to describe the vidastis, &nd
plastic behaviors of an asphalt mixture. Maxwell, generalizedwdkxKelvin—Voigt,
generalized Kelvin, Huet—Sayegh, and Burger are the most comusgdymodels (Xu
and Solaimanian, 2009). Of these, Burger’'s model is the most eff@ctoapturing the
visco-elastic-plastic behavior of an asphalt mix. Furthermoreprbeess of determining

the parameter values in the model is simple and straight forward.

In the study conducted in this dissertation, the underlying asplaaiment is

modeled as a Visco-Elastic-Plastic (VEP) material usingpmbination of a spring, a
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damped spring (a spring and a dashpot in parallel), and a dashpaeales (see Figure
2.1). In the discussion that follows, the applied stress is representeanolythe resulting

strain is represented lay

Using the nomenclature in Appendix A, the instantaneous elastic défmmmene
delayed elastic deformation, and the permanent plastic deforntiadibasphalt pavement

undergo during compaction are represented as follows:

1. The elastic delayed (viscous) deformatignis represented using a spring and a
dashpot in parallel, with corresponding stiffnéss and damping;,,,. The viscous
deformation mimics the reversible but delayed deformation of thbalismat in
response to a time varying stress.

2. The instantaneous elastic deformatignis represented using an elastic spring with
stiffnessK ..

3. The plastic deformatios, is represented using a dashpot with viscogjty

The relationship between the stress and the strain occurriogsagach component of
the model is first determined. These relationships are then uskvetop the dynamic
equations that represent the vibratory response of the coupled sfsb&m in Figure

2.1.

2.2.2.1Elastic Delayed (viscous) Deformation

The two components representing the delayed recoverable strae asghalt mat

can be expressed as
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0y = &Ky + ENgy- (2.3)

Denoting%sv = &,, Equation (2.3) can be written as a first order linear diffeaknt

equation
Kav 0-17
& + ¢ = —, (2.4)
Y Ny Naw
which can be solved by taking an integrating factor. Defining
Kav
I(t) = e nan™, (2.5)
the general solution of the differential Equation (2.4) can be expressed as
Kap,
oyelav dt Kay
&y = fv—-|— Cle navt, (26)
T’a‘l)

where( is a constant of integration.

2.2.2.2Instantaneous Elastic Deformation

Sinceo, = €,K,,., the elastic strain, can be expressed in terms of the applied stress

as

2.7)

wherekK,, represents the elastic properties of the asphalt mat.

2.2.2.3Plastic Deformation
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. da .
Denotlnga & = &p,

O‘p = épr’ap, (28)

where 14, is the coefficient of viscous damping used to characterizepkhstic

deformation of the asphalt mat.

The plastic strain across the dashpot element can then be edpretaens ofo,, as

follows:

g,dt + C
&y = fpn—, (2.9)
ap

where( is a constant of integration.
2.2.2.4Total Deformation

The stress experienced by the asphalt mat during vibratory coarpappears across

all three components (viscous, elastic, and plastic) of the asphalt model as follows:
a(t) = 0, = 0, = 0p. (2.10)

The resulting total instantaneous deformation of the asphalsria sum of recoverable

and non-recoverable strains, that is

e(t) =&, te te, (2.112)
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where ¢(t) is the total instantaneous strairg, is the viscous strain (delayed,
recoverable);s, is the instantaneous elastic strain (recoverable);sgnid the plastic

deformation (irrecoverable).

Finally, the constitutive equation of the VEP model can be obtainesilbstituting

Equations (2.10), (2.6), (2.7), and (2.9) into Equation (2.11), as shown below:

e(t) =€, +e teg

1 Mt —Mt o fO' dt + Cz
= —Jae’lav dt+C; |e Nav + + ,
Nav Kae Nap

(2.12)

where G, and G are constants that represent the boundary conditions.

ymee |1,

nas(zq — 2¢)

— 2
Foe = My, 0, sin(we t)

= o,
Contact drum/asphalt y ¢ __ | ece T Mag T meg — mazq — myzg

TFC =Fg+mgzg — myg \&E
Asphalt Mat

- [Fpdt+cy 1 J’F %td+c —;’1&5
i = g —— — | — eMav dt e Maw
7/, 2ieid Base 74 o tae|fa Nap Naw) ° :

Figure 2.2 Free body diagram showing the interaction forces between #rearallthe

asphalt pavement.
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2.3 Governing Equations of the VEP Model

The constitutive equation of the asphalt pavement model along witbgtetions of
motion that express the dynamics of the vibratory roller are toseerive the interaction
between the roller and the asphalt mat (see Figure 2.2). Duridgcbenpaction, the
roller would be moving at a given speed before vibratory compaciapplied to the
asphalt mat. The roller drum is initially in contact with tisplealt mat. The asphalt mat
becomes increasingly stiffer as the compaction proceeds anesdhesdrum to bounce.
Therefore, the model has to accurately predict the dynashibe coupled system during
the ‘contact’ phase as well as during the non-contact, i.e. ‘bounce2.phlas proposed

VEP model takes this phenomenon into consideration.
2.3.1Description of the Dynamics During ‘contact’ Phase

During the contact phase, the force required for accelerationeofiriim and the
frame in the vertical direction can be viewed as the sum akatition forces in the

asphalt mat.

(md + ma)zd = (md + ma)za

= "'rlecrec(‘)ec2 Sin(wect) + magg + myg — kdf (Zd - Zf)

4 ; 2.13
- Udf(zd - Zf) ( )
1 e K, [F,dt+C
- Kae Iza - <_f Faenavt dt + Cl) e navt — M ,
T’av nap
meze = meg + kag(2q — 2¢) + nag(Za — 2), (2.14)
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F. = Mg Tocwec® sin(wect) + myg + meg — mgZg — mpZs
(2.15)
= MgZg — myg + Fg,

wherez, is the displacement of the asphalt layé};is the reaction force of the asphalt
layer; F, is the drum-asphalt contact force; is the displacement of the drumy; is the
displacement of the fram&y, is the drum-frame stiffness coefficiedy; is the velocity
of the drum;z is the velocity of the framej,; is the drum-frame damping coefficient;
m, IS the asphalt weight; is the vertical acceleration of the drugy; is the vertical

acceleration of the asphalt paveméiatis the acceleration of the frame.
The reaction force of the asphalt niiatcan be expressed in terms of the elastic strain,
F, = K., (2.16)

where the elastic strain is expressed as,

1 Kay _Kay F,dt+C
Ee =E— & — €& =24 — <—f Faeﬂavt dt + C2> e Tav' — M (2.17)
Nav Nap

Then,F, can be expressed as follows:

1 Kap K, [F,dt+C
F, = Ky [za - (—f Fena’ dt + cl> e Tav’ — M] (2.18)
Nav Nap

2.3.2Description of the Dynamics During ‘bounce’ Phase

Equations (2.13) - (2.18) are valid as long as the contact foragctb/ggreater than
zero . > 0). A negative value of contact force, ife.< 0, indicates that the drum has

lost contact with the asphalt pavement. In this case, there is nangpbetween the
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roller and the asphalt mat (non-contact phase of the roller dgsanTherefore, the

governing equations during non-contact phase can be expressed as follows:

mdzd =mgg + 7nec7"ecwec2 Sin(wect) - kdf(Zd - Zf) - ndf(zd - Zf); (2-19)
meZy = meg + kdf(zd - Zf) + Udf(id - Zf), (2.20)
L, d . a
Za = Eza = Eza
d*[(meg Ky Kav(r_ 150
= — || ——ellav oc + C1 Nav oc
dt K K, © ¢ (2.21)
F m mg,g(t—t
+< a_loc) COS(Wn(t _ tloc)) + ad + ag( loc) +C2 ,
Kae Kae Nap

where F, ;,. is the last value of, at loss of contactw, is the undamped natural

frequency of the asphalvf = \/K,./m,); t;,c iS the time of loss of contact.
2.4 Boundary Conditions

Equations (2.13) - (2.21) represent the dynamics of the roller argphalt mat both
during the ‘loading’ (contact) and ‘unloading’ (bounce) phases of timapaction
process. For these equations to be useful, the boundary conditions tleaemephe

transition between these two phases and the initial conditions have to be determined.
2.4 1Initial Conditions

At the start of the simulation process both the compactor and piralesnat are

assumed to be at rest. Therefore,
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Zg=2a=8& =& =¢&,=0. (2.22)

Using these initial conditions, the constafifsandC, can be determined. Setting

1 Kay

— Feela’ dt + C, = 0, (2.23)
av
(e
F,eMav dt)
A att=o, (2.24)
T’a‘l)
Similarly, setting
F,dt+C
% =0, (2.25)
ap
C, = —(f F, dt) . (2.26)
at t=0

During compaction, the initial values 6f andC, would remain valid as long as the
roller drum remains in contact with the asphalt mat. As thinaes$ of the asphalt mat
increases, the roller drum starts to bounce off the asphaltasatdi contact). During the
loss of contact, the asphalt mat enters the ‘bounce’ state iwtiheedynamics of the
asphalt mat are independent of the dynamics of the roller. Oatliee hand, att(=
troc), the the roller would regain contact with the asphalt mat followiveg‘bounce’
phase. Since the dynamics are different in the contact and theebpluases, the initial

conditions have to be determined at each of these transition points.
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2.4.2At t>t;,. (during loss-of-contact)

Since the dynamics of the asphalt mat are independent of tlee doliing the

‘bounce’ phase, the viscous strain can be expressed as

EvKay + ENay = My g. (2-27)

Equation (2.27) can be written as a first order linear differential equation forthe

. Kav mag
&+ & = , (2.28)
T ey Maw
that can be solved by defining an integrating fatfey. Setting
Kav
I1(t) = &™) (2.29)
the strain can be expressed as
"' myg Kaw _Kavy_
&(t) = <f 29 oan’ dit + Cl> e a0 (2.30)
tioc av
Solving (30), one obtains
m Koy, _Kav(,
Sv(t) _ ( ad enav(t tioc) + C1>€ Uav(t tloc). (231)
Kav
C; can now be determined by substituting t;,. in Equation (2.31).
m
& (tioe) = ( ad e + C1) e, (2.32)
Kav

which yields
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m
Zad (2.33)

¢, = €y loc — K.
av

whereeg, ;,. is the value of the delayed strain at the moment the drum loses contact with

the asphalt pavement.

As a result,
m Kav, m _Kav, _

&(t) = ( a9 iy Hoe) € loc — ag) e a0, (2.34)
Koy h av

During the ‘bounce’ state, the instantaneous elastic strain can be expressed as
myé, + Koo = myg. (2.35)

The solution to the Equation (2.35) can be expressed as

F m
£, () = ( I‘;—“’C) cos(wiy (t — tiog)) + K“g, (2.36)
ae ae

where the instantaneous strain is oscillatory with an amplitqdel éo F,, ;,./K,. and

with angular frequencw,, = 2xf,,; 'f,,’ is the undamped natural frequency of the asphalt
pavementf, = (1/2m)\/Kynqa/Mmq.

The plastic deformation is not recovered, and it is expressed as follows:

ftt mgg dt + C,

Sp (t) = e )
nap

(2.37)

whereC, = 1qp&p 10c- ThEN,
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m t—t
£,(t) = Mag(t =~ toc) | Ep.loc- (2.38)

77ap
2.4 3At t > tyoc (during regain-of-contact)

Since energy can neither be created nor destroyed, it folloows the Law of

Conservation of Energy that

Zg + 2z,

Zd_roc = 5 (2.39)
and
Zg+ 2z
Zq roc = g > 2 (2.40)

On the other hand, at= t,,, strainsg, ande, are greater than zero. Thus the two

constantC; andcC, are reinitialized as follows. If

1 Kan,
gv(troc) = _f Fyelav dt + C; = €v_roc (2.41)
Nav
resulting in
troc @t
Jore FaeMav dt (2.42)
¢, = Ev_roc — = & roc-
Nav
Similarly,
[E, dt+C,
gp(troc) === €p_roc- (2.43)

Nap
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Then,

tTOC
2.44
C, = Nma€p_roc — J- F,dt = Nap€p_roc- ( )
t

roc

2.5 Determination of the Parameters of the VEP Model

The dynamics of the roller-asphalt pavement coupled systerssseat in Equations
(2.13) - (2.21) depend on the characteristics of both the vibratory apitethe asphalt
pavement. Prior to using this model, the parameters in Equations (Z2.21) have to
be determined. These parameters depend on the type of the tr@latesign of the
pavement layers, and the asphalt mix used. Furthermore, the aftithis model would

depend to a large degree on the ease of determination of these parameters.
2.5.1Dynamic Model of The Roller

During compaction, the roller exerts static and dynamic forcakeasphalt mat. In
Equations (2.13) - (2.21), these forces are represented in term drfuthemass, frame
mass, drum-asphalt contact area and contact length, drum width, émen-§tiffness
coefficient and damping coefficient, eccentric rotational frequencg, the eccentric
moment. Most of these parameters can be obtained from the manufacture
specifications for the selected compactor. The damping cmefti and stiffness
coefficient are not usually published and were obtained from the awuatdr for the

research presented in this dissertation. A list of these parameters is provicdxe 2.1.

The contact area or the indentation that the drum creates on pghaltashat is

proportional to the stiffness of the asphalt material, the cofdaceé, and the drum
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geometry (Krober et al2001) However, the determination of the contact geoynet
not trivial. In this study, the contact area isussed to be a constant in order to simp

the computation, and is calculated

(2.45)

where is the drunmasphalt contact are is the drumasphalt contact length in tl

direction of the roller movemerand is the width of the drum (see Figure 2.

The mass of the asphalt mat in contact the roller can then be determined us

the contact area and the thickness of the pavelagt

Drum mass

:4?: 14—

Figure 2.3Contact area between the drum and the asphalt et

Table 2.1Dynamicparameters of an Ingersoll Rand DDHEBRoller

Symbol Description Unit Source
drum{rame damping coefficie =~ N/m manufacture
drum{frame stiffness coefficie ~ N/m manufacture

frame mas (@ a single drum) kg spec she:
drum mass kg spec she
eccentric moment kg.m derivec
eccentric rotational frequen rad/s measure
drum width m spec she
drum/asphalt contact ai m° derivec
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2.5.2DynamicModel ofthe Asphalt Pavement

The model in Figure 2.1 represents the asphalt mpeme in terms of th
constants , , ,anc . Since the overall stiffness of the asphalt migetels or
these parameters, these parameters can be estimaditedtly through the measureme
of the dynamic modulus of the compacted mix. Ideorto accomplish this, laboratc
testing according to AASHTO 7-62 standard procedur@AASHTO, 2007) is first
performed to determine the dynamic modt and the phase gle  of the mix at

different temperatures, air void conte, and loading frequencies (see Figure z

Time Period To

:"’;b\\ : Time Lag (T)) ,",-\\\\
’ i
/s ——-—-stress
’
/ strain
’
]
[
[
[
!
Figure 2.4Stress and strain information to calcul and
The relationship between these paramet , and can be represented

Equation (2.46]Xu and Solaimanig, 2009; Liu et al., 2009).
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E*(iw) =

' 2.46
1 + > Kav _ ( 1 + 5 Whgy )i ( )
Kae Kg.,° + wznavz WNap K~ + wznavz

whereE™ is the complex modulus,., 74y, K4, andn,, are Burger's parameters; is

the loading frequency ard= v—1.

The iterative procedure proposed by Liu et al. (2009) can be usistdonine the

parameters of Burger's model by fitting the test results into the foitpequations:

tan¢ = Kae [KaVZ + nav(nap + nav)wz]/wr’ap(Kavz + KaeKav + wznavz) (2'47)

1 _ Ae _ Emax — Emin

|E*| Ao Omax — Omin

(2.48)
_ 1 1 n 1+ 2(Kav/Kae + nav/nap)
Kaez wznapz Kav2 + wznavz
Koe = al)l_r}go IE*l (2-49)
. |E7|
Tap = lim = (2.50)

Emax @Nd ey are the maximum and the minimum compressive strain, respgctagel
measured in a compacted specimen during the dynamic modutustgs ando,,;, are

the corresponding maximum and minimum applied compressive stress.

Equations (2.46) - (2.50) help determine the parameters for a érguetature and
air voids content and at different loading frequencies (Liu e2@09). However, the air

voids content, mix temperature, and binder viscosity all vary gditd compaction. In
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order to account for these effects, the paramekgrsngy,, Kq», andn,, are each
expressed in the form stated in Equation (2.51):

fWa,T) = poo + P1oVa + PorT + onvzzz + p1VoT + PozT2 +P30V213
(2.51)

+ p2aaVo°T + 12V T? + posT?
where,V; is the air voids content; is the temperature; ang;’s are the coefficients of

the polynomial to be determined.
2.6 Chapter Conclusions

In this chapter, a lumped element model was developed to captunete¢raction of
the vibratory roller and the asphalt pavement during field compactimtoelastic
properties of asphalt mixtures were used to describe threg aymkeformations (plastic,
instantaneous elastic, and delayed viscoelastic) that an asmdtaivould undergo in
response to the loading force of the vibratory roller. A mechamegiesentation of the
dynamics of the roller and the visco-elastic-plastic behavithieofisphalt pavement were
first presented. The governing equations of the interaction betwearnbtiagory roller
and the asphalt mat during field compaction were then derivedpdianeters of the
model are shown to be easily determined from the roller spsaiins and from the
material properties of the asphalt mix. The boundary conditions for the transtticeebe
the loading (‘contact’) and the unloading (‘bounce’) states of the higEheement during

compaction were specified.
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Chapter 3 VALIDATION OF THE VISCO-ELASTIC -PLASTIC M ODEL

3.1 Introduction

The Visco-Elastic-Plastic “WVEP” model was introduced in Caagt The derivation
of the constitutive equations of the interaction between the roliértlze asphalt mat
were presented. A method to determine the parameters of the nmdehts and the
specification of boundary conditions was also introduced in Chapter 2. HRanodel is
capable of capturing the behaviors of both the asphalt mat and thmibler during
compaction. In this chapter, the validation of the VEP model is coediugsing
numerical simulations. In addition, the results of different sinwtascenarios are

presented and compared with field measured data.

3.2 Determination of the Model Parameters

3.2.1Parameters of the Vibratory Roller

The VEP model and the method to estimate its parameteevaeated in predicting
the behavior of the roller-asphalt coupled system. An Ingersoll Raridd 8HF vibratory
compactor is used to examine the validity of the proposed prodesslrim mass, drum
width, frame mass, drum-asphalt contact area and contact lengthfrdraen stiffness
coefficient and damping coefficient, eccentric rotational frequenoy, the eccentric
moment are determined from the manufacturer’s specificatiortseafotler. The values

for an Ingersoll Rand DD118HF compactor are shown in Table 3.1.

34



Table 3.1 Dynamic parameters of an Ingersoll Rand DD118HF vibratory compactor

Symbol Description Unit Source IR DD118 HF
Nar drum-frame damping coefficient ~ N/m  manufacturer 544
Kaf drum-frame stiffness coefficient ~ N/m  manufacturer 3400
mg frame mass (@ a single drum) kg spec sheet 4225
my drum mass kg spec sheet 2371

MecCoc eccentric moment kg.m derived 1.45
Wec eccentric rotational frequency rad/s measured 314
w drum width m spec sheet 2

A drum/asphalt contact area “m derived 0.016

3.2.2Parameters of the Asphalt Pavement

In the simulation results reported in this chapter, it is assuimgdthe roller is
compacting a surface course pavement comprised of 12.5mm (0.5 in.jndllom
Maximum Aggregate Size (NMAS) S4 (76-28 OK) hot mix asphdMA). In the
simulation, the underlying pavement layers are assumed to be stiff ancetadgligible
influence on the vibratory characteristics of the compaciidie gradations for the
selected mix are shown in Table 3.2. The four paramek&ss, Gma, Kka,» andny,) of
the asphalt pavement section of the VEP model are estimatedcihdithrough the
measurement of the complex modulus E* of the compacted mix. Laboiaisting
according to AASHTO TP-62 standard procedure (AASHTO, 2007b) tspirgormed
to determine the dynamic modul{g*|and the phase angtp of the mix at different

temperatures, air voids contents, and loading frequencies (see Figures 3.1 and 3.2).
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Table3.2 Gradation for mix S4 (PG 76-28 OK)

Sieve Siz Job Formula (% Passing)
lin. 100
3/4in 98
1/2 in 87
3/8in 80
No. 4 62
No.€E 40
No.1€ 27
No.3(C 20
No.5C 12
No.10( 5
No.20( 2.8

Temperature 55°C - Air Voids 6% - Loading Frequency SHz

ao T T T T T T
‘ Stress Fitted Stress +  Strain Fitted Strain
8D_|E*| (k5|):131ph858:220 ....... .............. .............. .............. [
: ;- : : : +. ¥
: Koty A : : Fea % B :
m_ ...... & “"i ........... St_ra‘in“ﬁ““ ..... o ............ |
E : *1: “i : : : *’ .I:O :
Ooenl ML _
EED : : L : : :‘ 1
= 4 Yoo : S e
E [ N SRR : ..................... ‘:, ............. ............. :\F ..................... ; ” ............. .
& v s r . g
_‘_'_L X *i : o i’
= T | JUGRIRIERIEIEY ERLEERERS ATEIPRITIN AREIEEIITE JEREIEERIEE SRTRIRRIE s:! ........... ]
= & iR : - -
wn : : : J: :
§ A0k ‘” .......................... ;..‘?‘ .......... .......... 1 ........................... ‘” ..........
A 7 : : : :
1] s Times fe TN RPN (U
b Lag : : 2
M= ...... U N TR ......
¢ : :
+ :
i3 i i i
o a8.05 a5.1 89145 a8.2 0925 58,3 65.35 55.4

Time (5]

Figure 3.1Dynamic modulus and phase angle as determinedtfteratress and strain

measured according to AASHTOO -62 standard te:
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Temperature 4°C - Air Woids 6% - Loading Frequency SHz
12':' T T T T T T T
‘ Stress Fitted Stress = Strain Fitted Strain

o [E () =1401 _ Phase=17" ]

Stress (psi) - Strain (micro)

I g I ] ] ;
75.25 753 75.35 754 7545

Time (s}

i 1 1
751 7515 752

Figure 3.2Dynamic modulus and phase angle as determinedtfierstress and strain

measured according to AASHTOO -62 standard te:

The parameters , , and are functions of temperature and air vc
content of the asphalt mix. These relationshipsdatermined from the dynamic modu
testing of the adpalt mix according to AASHTO T1-62 test procedure. Following tl
procedure in Chaptett, the coefficients in quation (251) were determined for each

the model parameters, , , ,and and are expressed as follo

(3.1)
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Nap(Va, T) = 7733 + 1656V, — 144.4T — 138.4V,> — 6.8V, T + 1.1T?

(3.2)
+ 0V,° + 0.82V,*T — 0.025V,T? — 0.0019T3
Ky (V,, T) = 4764 — 443.6V, — 53.5T + 14.4V,* 4+ 3.3V, T + 0.26T?>
(3.3)
+ 0V, — 0.079V,*T — 0.0059V,T? — 0.00049T*
Nav(Vo, T) = 387.7 — 96V, — 1.3T + 8.7V, > + 0.11V,,T + 0.0049T?
(3.4)

— 0.26V,° — 0.0043V,2T — 0.000096V,T2 — 0.0000096T?3

Three-dimensional plots &, 14y, Kav, @andng, are shown in Figures 3.3 and 3.4.
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Figure 3.3 Threelimensional plots ¢, as function of air voids and temperat
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Figure 3.4 Threelimensional plotsc as function of air voids and temperat
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Tables 3.3 and 3.4 show the effect of the temperature and air voigstcontthe
parameters of the asphalt pavement model. As the temperatui@sas;réhe stiffness of
the asphalt mix increases. This is reflected in the numeritayafK,, and K,,,. The

viscosity of the binder also increases with an increase in tatope, as seen in the

values ofy,, and 7,4,,.

Table 3.3 Effect of the temperature on the parameters of the asphalt

pavement model at 6% air voids content.

T (°C) 150 140 130 120 110 100
K, (MPa) 1713.1 1778.3 1849.7 1930.5 2024.0 2133.4
Nap (MPas) 3063.3 3232.2 3418.1 36325 3887.2 4193.8
K., (MPa)  453.9 486.5 522.2 564.1 615.1 678.2
Naw (MPa.s) 21.2 22.2 23.2 24.3 25.6 27.2

Table 3.4 Effect of the air voids content on the parameters of the
asphalt pavement model at 150°C.
V4 (%) 12 10 8 6 4
K,. (MPa) 6224 10344 13979 1713.1 1980.0
Nep (MPa.s) 1869.2 23855 2783.5 3063.3 3224.9
K,, (MPa) 214.7 273.7 353.4 453.9 575.1
N (MPa.s)  10.8 7.3 6.7 21.2 63.2

3.3 Numerical Simulation of the VEP Model

Equations (2.13) to (2.21) from Chapter 2, which describe the dynamitse of

coupled system, were implemented as Simulink and Stateflow siomulanodels in

Matlab® (Mathworks, 2009).
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3.3.1Simulation of Static Rolling of HMA Pavement

During the simulation of static rolling, the roller is assumed toerating at rated
speed. This implies that the load on a particular strip of an agphaltepresenting the
contact area with the drum (see Figure 2.3) increases framtaéts peak value as the
roller approaches the contact strip. The load is at a maximum thieedrum is fully in
contact with the asphalt strip and reduces to zero as the radleesmaway. During
compaction, each such strip is subjected to between 6-9 loading dgplesding on the

rolling pattern that is adopted.

The results of a simulated finish rolling using a statielsteum roller (Ingersoll
Rand DD118HF) are shown in Figure 3.5. It is assumed that the fiaibhgris
performed on a single layer comprised of 76.2mm (3 in.) asphalmea&12.5mm PG
76-28 OK). Figure 3.5(a) shows the loading force (equals weigthtuoh and frame for
static rolling) that the roller applies on the contact strip. tEmeperature profile of the
asphalt mix during rolling process is also shown in Figure 3.B(dhe simulation, it is
assumed that the asphalt mix is laid down at 150°C and subsequentlgsdecte
cessation temperature (50°C)lit is to be noted that the parameters
(Kae» Nap» Kav, and 14,,) of the VEP model representing the asphalt pavement change
over time based on the temperature profile and air voids confémn variation is taken
into account during the simulation process. The compaction achievedtatithrelling
and the stiffness of the pavement is shown in Figure 3.5(b). Thisefghows the air

voids content reduction and dynamic modulus change during rolling
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Figure 3.5Simulaton results of field compaction via static loac.
3.3.2Simulation of Vibratory Compaction of HMA Pavement

It is assumed that the asphalt mix is initiallyqed at a temperature of 150°C ¢
having 12% air voidsTwo temperature profiles are usad follows: i) temperature he

constant at 1&°C; ii) temperature changing fron50°C to 100°C.The compactor i

43



assumed to apply impulsive force at a frequency50Hz (314 radians/sec). T

reduction in air voids in the asphalt mix as a ltesluicompaction is shown in Figure &

a3}
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Figure 3.6Compaction of a 50 mm asphalt surface course URMYD118HF roller.
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3.3.3Effect of Temperature and Thickness of Asphalt Mat on Compaction

Two sets of simulations are performed to study the effechefthiickness of the
pavement layer and its temperature on the vibratory compactiorploélasnixes. The
effect of the lift thickness on the compaction is considered inirteset of simulations.
The compaction of a 50.8mm (2 in.) and 76.2mm (3 in.) asphalt pavemepitisenof
asphalt mix with a NMAS of 12.5mm (0.5 in.) and PG76-28 OK bindstudied first.
Similar to the case of static rolling, an IR DD118HF rolkeconsidered and the asphalt
mat temperature is assumed to be constant at lay down teanpesal50°C. The roller
is assumed to be operating at a frequency of 50Hz and moving at ant@psted of 3.2
kilometers per hour. Thus, each simulation second corresponds to approxitwatel

roller passes on the asphalt mat.

The results of these simulations are shown in Figure 3.7. The igrductthe air
voids content is shown in Figure 3.7(a), while the change in thaestigfof the asphalt

mat as a result of compaction is shown in Figure 3.7(b).

In the second set of simulations the effect of variation in temperan the quality of
compaction is addressed. The first set of temperature proélested is as follows: i)
temperature held constant at 160°C; ii) temperature changing f6@C to 40°C; iii)
temperature changing from 120°C to 40°C; and iv) temperature be&iant at 40°C.
The selected temperature profiles are shown in Figure 3.8(c).s&bend set of
temperature profiles selected is as follows: i) temperdtetd constant at 160°C; ii)

temperature changing from 160°C to 80°C; iii) temperature chgnfjom 120°C to
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80°C; and iv) temperature held constant at 809 3Jelected temperature profiles

shown in Figure 3.9(c).

The results of these simulations are show Figures 3.8 and 3.9. The reductior
the air voids content in the asphalt mixshown in Figures 3.8(a) and (a) while the

variation in the dynamic modulusshown in Figures 3.8(b) and 3.9(b).
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Figure 3.7Results of vibratory compaction simulation at 15!
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Figure 3.9Effect of temperature on reduction he air voids content in the asphalt r

and on the variation in its dynamic modulus duogpaction (Simulatior
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3.3.4Discussion of the Results of the Simulations

The simulation results in Figure 3.5 demonstrate that the modaleiscacapture the
behavior of asphalt pavement during static rolling. The use of stéifieg during field
compaction of an asphalt mix would normally result in minimal rednah the air voids
content. This is clearly seen in Figure 3.5, where less than p¥evement in air voids
is obtained as a result of static rolling. The same holds orughé resulting stiffness of

the pavement as a result of static compaction.

The simulation results in Figure 3.6 demonstrate that the modaleiscacapture the
behavior of asphalt pavement during vibratory compachiaan be seen from this figure
that the air void content of the mix decreases as the total timengbaction increases.
Furthermore, the stiffness of the mix also increases with compatttisnalso seen that
the air voids in the asphalt mix reduce by approximately@#ae first two seconds, 2%
during next two seconds, and 2% during seconds 4 - 10 of compaction. [Tdasegathe
fact that for a given compactive effort, it is harder to ach@mrapaction as the stiffness

of the material increases.

From Figure 3.7 it can be seen that identical effort would restigher compaction
of a thin pavement layer compared to a thicker pavement layer. Experimsottd filom
field compaction validate this observation. In fact, experience shthat higher
compaction is usually achieved in thin surface courses as compathitkdbase or

intermediate pavement layers (Commuri, 2009a).

During compaction in the field, the asphalt mix is produced at thet plad is

transferred to the construction site at approximately 160°C. Jipiealt mat is laid down
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by the paver at approximately 150°C. The roller operator hasiited temperature
window (i.e. before the asphalt mix cools down to cessation tempsraturing which

breakdown rolling has to be completed. The rate at which the asphaltools is

determined by factors such as ground temperature, ambient tem@evnahd conditions,
pavement thickness, etc. The effect of the temperature onrthveids as well as the
stiffness of the asphalt mat can be seen in Figures 3.8(a), 3&@), and 3.9(b). It is
evident that compaction is most effective at laydown temperanadeast effective at

temperatures close to cessation temperatures.

3.4 Validation of the VEP Model

The validity of the proposed model is investigated by comparing ithalation
results to data collected during the construction of a 50mm . Zumface course on
interstate 1-35 in Norman, Oklahoma. This construction project involveexib@nsion of
the existing highway, stabilizing the subgrade to a depth of 200mim)(8sing 10%
cement kiln dust (CKD), followed by 200mm (8 in.) thick aggredstse. The asphalt
concrete base layer consisted of 100mm thick asphalt layer of 19mi&in.) NMAS S3
(64-22 OK), while the second and third layers were constructed1®itm (0.75 in.)
NMAS S3 (76-28 OK) of 100mm (4 in.) and 75mm (3in) thickness, respectivel
50mm surface course of 12.5mm (0.5 in.) NMAS S4 (76-28 OK) was caatban top
of the three asphalt layers. During the construction of thecgudaurse, the vibrations of
the compactor were measured using a 13200C uniaxial acceleromogterStmmit
Instruments, mounted on the axle of the drum (Summit Instrument 2010). The
acceleration of the drum during compaction corresponding to 9%, 8%, 7%, aad 6%
voids in the asphalt mix is shown in Figure 3.10. It can be seentfreriigure that the
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model accurately captures the fundamental frequesicyibrations of the roller
Furthermore, thenodel correctly predicts the increase in the magieitof the drun

acceleration as the stiffness of asphalt mat increases.

8 ! ! ) ! ! ! ! ) )
o s, SN ST S ... Simulation G i

Drum Acceleration (g)

X 20 msi(50Hz) 4

Drum Acceleration ()
(g}

10 | | i | | |
5 10 15 20 25 30 35 40 45 50

Time (ms)
Figure 3.10The acceleration of the drum during compactionpfagicted by the mode

(b) measured during field compaction.
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Intelligent Compaction methods are based on the hypothesis thatibitatory
compactor and the asphalt mat form a coupled system and thatespense
characteristics of the roller depend on the stiffness of the wynugrimaterial.
Furthermore, increased stiffness of the asphalt mat resulthigher frequency
components in the vibrations of the roller. The frequency components abltee
vibrations, measured and simulated, were extracted using Fastr-biamsform (FFT).
Figure 3.11(a) shows the spectrogram of the vibrations of the doller as measured in
the field during compaction. Figure 3.11(b) shows the spectrograimeofibrations of
the roller drum as recorded during numerical simulations. Arsalgsithe simulated
compaction shows that the power content of the harmonic frequencieasgxmeith an
increase in compaction (Figures 3.12 and 3.13). Two temperature peoilassed as
follows: i) temperature held constant at 135°C (Figure 3.12); iipé&eature changing
from 150°C to 100°C (Figure 3.13). Figure 3.14 shows the power at eachhafrthenic
frequencies of the roller during the field compaction of the paverkardlly, it can be
seen from Figures 3.11 - 3.14 that the proposed model provides saliemaitbor
regarding roller dynamics during field compaction. Comparison ofvtbespectrograms
of Figure 3.11(a) and (b) demonstrates that the model adequatelgergpréne field
compaction of asphalt mixes. Finally, comparison with the power comtkrihe
harmonics in the roller vibrations during actual compaction (Tabled@fpnstrates that

the simulated results are a good representation of the compaction in the field.
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Table 3.5variation in the power level (in dB) of the harmesiwith comjaction

Air

Voids

10% |

8%
6%

Harmonic (Frequency)

1st (50Hz) 2nd (100Hz) | 3rd (150Hz) | 4th (200Hz) | 5th (250Hz)
' Sim. Meas.! Sim. Meas.! Sim. Meas: Sim. Meas. Sim. Meas.
7.0 9.2 -258 -234} -278 -49.3 -425 -509-449 -57.7
-68 -70{ -18.2 -17.7{ -27.8 -41.1 -41.9 -504-41.0 -45.9
58 51 -122 -11.7: -240 -31.4 -37.0 -39.7-37.9 -32.2
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3.5Chapter Conclusions

In Chapter 2, a mathematical model was developed with an aim tostare the
interaction between an asphalt pavement layer and the vibratory dcomgadng the
construction of asphalt pavements. The model takes into account theeldstic-plastic
properties of the asphalt mat and the dynamics of the roller im mrgheedict the effect
of compaction on the vibrations of the roller drum. The parameters ohdldel were
shown to be easily derived from the roller specifications and fhenmaterial properties
of the asphalt mix. In this chapter, simulation results showedhbatnodel accurately
predicts the compaction of hot mix asphalt in the field. Numericallations of static
compaction resulted in minimal reduction in the amount of air voids pmevealing
that the model has the basic feature to describe field aspinattaction. Another set of
simulations proved that the model is able to capture the asphalhiciatess effect on
the compaction outcome. Furthermore, additional simulations showed tmaode can
capture the temperature cooling effect on the compaction pracgsmahe workability
of the mix, and the effect of starting compaction at a temperdiatow optimum.
Finally, comparison of the simulation results with data gathereing construction of
asphalt pavements indicate that this model lays the theoreticahdyork for the

realization of Intelligent Compaction of asphalt pavements.
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Chapter 4 INTELLIGENT ASPHALT COMPACTION ANALYZER

4.1 Introduction

The Intelligent Asphalt Compaction Analyzer (IACA) is a hon-contacs@etinat can
measure the density of an asphalt pavement continuously in realeweethe entire
length of pavement during its construction. Quality Control techniquesntlyriused in
the field involve the measurement of density at several locationtheorcompleted
pavement or the extraction of roadway cores. These methods allg tismmeaconsuming
and do not reveal the overall quality of the construction. Furtherraagecompaction
issues that are identified cannot be easily remedied after the asphla¢tshcabled down.
The ability of the IACA to measure the level of compaction of abphalt pavement
during its construction will enable the roller operator to idenéihd remedy under-

compaction of the pavement while avoiding over-compaction.

In recent years, several Intelligent Compaction (IC) technologiage been
introduced by manufacturers of vibratory compactors (Arasteh, 200audBand Seo,
2003; Camargo et al., 2006; CTC, 2006; Wisdom, 2009; Moore, 2006; Petersen, 2005;
Peterson and Petersen, 2006; Thompson, 2006). Uniform compaction of both soil and
aggregate bases is achieved through the variation of the ragmniameters (amplitude
and frequency of vibrations, vectoring of the thrust, etc.). Dynamicraionf the
machine parameters allows for the application of the vibratoeygy only to under-
compacted areas and thereby preventing over-compaction and ensuriogmunif

compaction of the soil/aggregate base (Petersen, 2005; Peterson ensgrRe2006).
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These IC techniques hold promise for the future and their perfornsmbeeng evaluated
by several agencies, including the Federal Highway Adminstr§EHWA) (Chang et
al.,, 2008). However, one of the limitations of these IC technologiethat the
measurement values reported by these devices cannot beveaigd through in-situ

measurements of density or dynamic modulus.

The IACA is a measurement device that does not control anytaspé® machine
behavior. The IACA is a standalone device that can be m#dwfon any existing
vibratory compactor. The main utility of the IACA is in providing Irgae
measurements of the density of the asphalt mat at eaclholocatithe pavement under
construction. This information can be utilized by the roller operat@nisure uniform
compaction, address under-compaction, as well as prevent over-cmmpattthe

pavement.

The rest of this chapter is organized as follows. Overview andtapexiprinciple of
the IACA technology are discussed in Section 4.2. Overall resutteedfeld evaluation
of the IACA are presented in Section 4.3. Finally, detailed desmmgptof the field

evaluations at different construction sites are presented in Section 4.4.

4.2 Overview and Operational Principle of the IACA

The Intelligent Asphalt Compaction Analyzer (IACA) is basedlenhypothesis that
a vibratory compactor and the hot mix asphalt (HMA) mat foircouwpled system having
unique vibration properties that can be identified by analysih@fpbwer spectrum
distribution (refer to Chapters 2 and 3). The response of the i®ltitermined by the

frequency of its vibratory motors and the natural vibratory modési®©toupled system.
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Compaction of an asphalt mat increases its stiffness and condggtienvibrations of
the compactor (coupled system) are altered. The knowledge of the ti@®pdr the
asphalt mat and the vibration spectrum of the compactor can therefore be usietate es

the stiffness of the asphalt mat.

Accelerometer measurements are used to extract relevantetedrom the power
spectrum of the vibrations of the roller drum. These featuresghame classified by
frequency and signal power and an Artificial Neural NetworlNKA based pattern
recognition approach is used to continuously measure the degree mdatmm in real-
time. At this time, since the quality specifications are ugsgecified as percentage air
voids content or as a percentage of the Maximum Theoreticaditye(MTD) of the
asphalt mix, the IACA estimates the compacted density of thenpent rather than the
stiffness (Commuri and Zaman, 2007; Commuri, 2009b; Commuri and Zaman, 2010;

Commuri et al., 2009; Commuiri et al., 2011).

4.2.1Functional Specifications of the IACA

The functional specifications of the IACA can be categorized heddllowing sub-
groups: Sensing Specifications, Operational Specifications, @edibr Specifications,
Display and Recording Specifications, and Training and User Docutioentd he
overall functional model is shown in Figure 4.1 and the specifications are disau$ised i

following sections.
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Figure 4.1 Functional Model of the IACA.

4.2.1.1Sensing Specification

The IACA records the instantaneous spatial position of the compactbre asphalt
mat. The IACA also measures through non-contact means the sietiggerature of the
asphalt mat. In addition, the IACA is able to detect the statieofvibration motors

(ON/OFF) and the direction of travel of the compactor (FORWARD/REVERSE)

1. GPS Sensor. The GPS sensor is capable of sub-meter adocunaegsurement and is
capable of providing updates every one second. The interface bd@&rand the
GPS unit is through RS232 or through a wireless Bluetooth connectyoparBing
the NMEA string that is sent by the GPS unit, the IACAapable of extracting the

latitude and longitude of the location of the compactor.

2. Temperature Sensor. A non-contact temperature sensor capablesioigssurface
temperatures from -28 (0°F) to 178C (350°F) is integrated with the IACA. The

temperature is registered at a minimum of once every secordefitperature input
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is an analog voltage with a swing between 0 and 5 volts. Calibratupines account

for the DC bias and conversion factor of the sensing device.

3. Travel Direction Switch Sensor. The IACA is able to detectsthigch status of the
roller to determine the direction of travel. This input is typgycaldigital input to the
IACA having discreet logic level (0 or 1) corresponding to Forwasdédrse.
Currently, an algorithm has been developed to detect change in ttigodie travel

using GPS input.

4. Vibration Switch Sensor. The IACA is able to detect the swstakus of the roller to
determine when the vibration motors are turned on. This input is llypacaligital
input to the IACA having discreet logic level (0 or 1) correspondm@®N/OFF.
Currently, analysis of the vibration of the accelerometenatigs employed to

determine the status of the vibration motors.

5. Accelerometer Sensor. The IACA reads the acceleration of ta tlirough an
accelerometer mounted on the frame of the drum. The output of theraooeler is
an analog voltage between 0 and 5 volts. The vertical acceleddtithe drum is

sampled at a 1000Hz (once every millisecond).

4.2.1.20perational Specifications

The IACA reads the sensed vibrations of the drum and estirnregeorresponding
density of the asphalt mat. The density estimates, along witbdagon of the roller on
the asphalt mat, the current process time, and the asphalt npEratume, are to be

displayed to the user at least once every second. The differetiee estimated density
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and the actual density measured from the roadway core are \Witltsn comparable to
point wise density measurement tools in use today (accuracy oB®Qk within 1.5
pounds per cubic foot (pcf) and for nuclear density gauge the acesisEZY pounds per
cubic foot (pcf)). The density is displayed to the user as a mumalue (1 decimal

precision), as well as a slider bar that indicates the progress in compaction.

The IACA electronics are housed in a rugged enclosure that is tested faowilarad
shock, as well as environmental variables such as temperatunec@gstdre (SAE J 1445

and SAE/TMSC environmental standards).

4.2.1.3Calibration Specifications

The use of the IACA requires detailed procedures for calibratiegoutput of the
IACA to minimize the error between the estimates and the tgemgiasured off roadway
cores (refer to Appendix B for more details). The procedure prodaldsration in the
field using measurements from roadway cores, as well asumeasnts taken using a
non-nuclear density gauge such as PQI 301 or a nuclear densityligaudpe Troxler
3450 gauge. The procedure also provides a measure of the calibcatioacg. Once the
readings from the field are input into the system, the caltorarocess is automatic and
results in the operational parameters (interconnection weightiseoArtificial Neural
Network and the calibration constants) being set in the IACA ifgdd fuse during

compaction.

The calibration procedures account for the location of the tenupersensor relative
to the ground and provide the user the ability to calibrate thersensrder to accurately

record the surface temperature of the asphalt mat.
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4.2.1.4Display and Recwding Specifications

The IACA display provides the user with r-time information on the location of t
compactor, the temperature of tasphaltmat, and the estimated density at the loci
(see Figure 4.2)The density information is displayed botl a numeric format as well
a visual indication of the level of compactior.g. a slider bar). The compaction d
(time, latitude, longitude, temperature, density)ailso stored for retrieval and p

processing to generate-lbsilt data maps.

Pavement density (Real time) Roller Speed Heading of the Roller

& Intelligent Compaction Analvesr & | wver. 3.3

A Lonade  |33134347

Toggle ll-"lll Lomgihade |93 FHE080

Direction /

ananf /III 1 63 ]

s Ow
B ]1:"'1{[ ]wrﬁ?'l.-'; LSRR

i

Tirne Elapsed: 0:1:43 [ i1 31 | |
1 | |
{ |
Strip-chart displays Status of the GPS and G-Sensor Surface
real-time density (connected or disconnected) Temperature

Figure 4.2ACA display providing ree«time information to the roller operat
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The display is crucial to the field validation of the IACA. \daiion in the field
would require real-time information of the compaction achievedhwatl@ation on the
pavement. It is anticipated that the readout from the IACA would && tascorrelate the
spatial location on the pavement with the estimated densities. Whigd allow
verification with densities measured from roadway cores dbk aseusing point-wise

density measuring tools.

The display also includes a mechanism for selecting prior adbbr data for use
during the construction. The selection of the appropriate calibratianwdatld involve

the knowledge of the construction characteristics and the mix information.

4.2.2Principle of Operation of the IACA

Compaction of an asphalt mat is achieved through the applicatiobrafory energy
and pressure by a roller. The asphalt mat and the roller docmupled system whose
response is determined by the frequency of the vibratory motatseafller and the
natural vibratory modes of the coupled system. Compaction of an asg@tahameases
its stiffness and as a consequence, the vibrations of the mn@lattared. The knowledge
of the properties of the asphalt mat and the vibration spectrum ofltbecan therefore
be used to estimate the stiffness of the asphalt &ate the quality specification is
usually percentage air voids content or percentage of the MaximumelivabiDensity
(MTD) of the asphalt mix, the IACA estimates the compacted dendiye pavement

rather than the stiffness.
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Figure 4.3Experimental Setup (a) Instrumentation of the cartgra (b) Functional bloc

diagram of the IACA.

A vibratory compactor equipped with IACA is shown Figure 43(a) and the
components of the IACA are shown in Figur3(b). The sensor module (SM) in t
IACA consists of accelerometers for measuring thieations of the compactor durir
operation, infrared temperature sensors for meagutie surface temperature of -
asphalt mat, a user interface for specifying theldode and frequency of the vibion
motors, and for recording the mix type and liftctriess. The feature extraction (F
module computes the Fast Fourier Transform (FFTthefinput signal and extracts t
features corresponding to vibrations at differeiest frequencies. TFArtificial Neural

Network (ANN) Classifier is a mul-layer ANN that is trained to classify the extrac

66



features into different vibration patterns specific to a preispeddevel of compaction.
The Compaction Analyzer (CA) then post-processes the output of tNeafN estimates
the degree of compaction in real time. Details of the IACAingreferred embodiment

are discussed in detail in the IACA patent application (Commuri and Zaman, 2010).

4.2.2.1implementation of the IACA

The functional components of the IACA and their operational principles arelukgscri

in this section.

Sensor Moduleln the implementation discussed in this section, the Sensor Module of

the IACA is comprised of an accelerometer mounted on the framelmjersoll-Rand
DD138HFA vibratory compactor, an Intel Pentium based tablet PC to tihewsphalt
mat properties such as the mix type, binder, pavement layer, tlaig&ness, target
density, etc., and a real-time data acquisition system. Theeemteter used was a
13200C uniaxial rugged accelerometer manufactured by Spectrum Sé&n€anstrols
formerly Summit Instruments, Inc. (SSC, 2010), that is capablenedsuring 10g
acceleration up to a frequency of 10kHz. The accelerometemumssase vibrations of
the roller drum during the compaction process. The surface temgeddttine asphalt
mat is measured using a Raytek CI3A10L infrared tempera&umsos mounted on the
frame below the roller (Raytek, 2010). A Trimble Pro XT GPSivecgTrimble, 2010)

is used to record the instantaneous location of the roller.

Feature Extractor Modulénalysis of the vibratory response of the roller requires the

extraction of the frequency components of the vibrations and theirtadgsd. These

characteristic ‘features’ are related to the roller andutiderlying pavement layers. As
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the pavement layer is compacted, the vibratory response of the cbllages. These
changes are visible in the altered spectrum of the roller whsatas the compaction
progresses. The knowledge of these features is then used toidet#rendensity of the

pavement layer during its compaction.

The feature extractor module of the IACA implements a Fastri& Transform
(FFT) to efficiently extract the different frequency compoaseotit the roller vibrations.
The output of the FFT is a vector with 200 elements, where eagteet corresponds to
the normalized signal power at the corresponding frequency. SingédthBon signal of
the roller is sampled at 1kHz, the frequency spectrum is uni§adistributed between 0
and 500Hz. In order to classify these vibrations, the 200 elemen¢sponding to the
fundamental frequency of the roller response and its harmoniassadeas input to the

classifier.

Classifier Module.The Artificial Neural Network (ANN) classifier impleemted in

the IACA is a three layer ANN with 200 inputs, 10 nodes in the ilgydr, 4 nodes in
the hidden layer, and 1 node in the output layer. The inputs of the AN&kpond to the
outputs of the feature extraction module, (in this case, 200 featurd®e frequency
spectrum). The output corresponds to a signal indicative of the levebmpaction

reached.

Analyzer Module. The analyzer module uses the mix parameters such as the mix

type, binder, pavement layer, layer thickness, and the targsityJeand the calibration
data to convert the output of the classifier to a value represethingensity of the

asphalt mat at the current location of the roller. The cdldon data consists of a slope

68



parameter and an offset parameter that is used to convert the ofitthé neural
network, a number between 0 and 4, to a density value between 0 antydoéally

between 85 and 96). The density estimated by the IACA is thatylehshe pavement
layer beneath the drum expressed as a percent of the théaoreticaaum density of the

asphalt mix.

4.2.2.2Training of the Neural Network

Central to the functioning of the IACA is the Artificial Neufdétwork that is used to
classify the observed vibrations of the compactor into classes repngsaifferent levels
of compaction. In order to accomplish this, the output of the featuracext module is
analyzed over several roller passes during the calibration preces the total power
content in the vibration signal is calculated at each instanmia. tFive equally spaced
power levels are identified, and the features corresponding to these lpwels are used
to train the Neural Network. During compaction, the ANN observesethieires of the
roller vibration and classifies these features as those porrémg to one of the levels of
compaction. Figure 4.4 shows the features corresponding to five diffeoenpaction
levels, with the lowest level corresponding to the case whemollbe is operating with
the vibration motors turned off and the highest level corresponding tasleewhere the

maximum vibrations observed.

4.2.2.3Calibration of the Analyzer

The calibration of the Analyzer is a two-step process. In trat ftep, ideal

compaction is assumed with the expectation that the analyzer wootdirder ‘Lay
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Down’ density of the asphalt mat during the firsiler pass and a density corresponc

to the ‘target’ density during the final pass df tioller.
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Figure 4.4Spectral featres corresponding to five levels of compac!’

During the calibration process,9.1m (30 ft.)section of the road is first identifie
and the vibration data is collected during suceessbller passes over this stretch. -
features extracted from s vibration data (Figure 4.%re used to train trANN in the
classifier module. After the completion of the tiam process, the Classifier c

recognize five levels of compaction labeled fromtirough ‘4’ (Figure 44). Level O

" This figure was automatically produced by the IACA.
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corresponds to the gdtion when the vibratory motors are turned off.eTinitial
calibration assumes that ‘Level 1’ of the vibrasarorresponds to the “lay down” dens
of the asphalt mat antlevel 4’ of the vibrations corresponds to the trglensity
specified for the mix. While the target density fuperpave mixes is 96%, the acl
density achieved during the testing of the mix Bugerpave Gyratory Compactor afte
specified numbeof gyrations (Mpeg IS reported in the Quality ddtrol sheets from th
asphalt plant. This actual density is an indicatbtthe maximum compaction that
achievable during field compaction of the asphak amd is selected as the target den

for IACA calibration.

Pass 2

-52 ' ] &2 R ' -52
oo -53 { &3 { &3 { 53
=
2 54 | 54 54 1 54
o
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0 &0 0 £0 0 &0 0 &0
sample sample sample sample

Figure 4.5Power content of the vibration signal during susiesroller passe’

" This figure was automatically produced by the IACA.

71



After the compaction of the 'calibration stretch', three roadecags are extracted
from known locations on the compacted pavement and their density sinmeean the
laboratory according to AASHTO T-166 method (AASHTO, 2007a). ®fiset and
slope constants for the compaction analyzer are determined to martime mean square
error between the estimated density and the density measomethe cores (Allen et al.,

2003).

4.2.2.4Validation of the Analyzer

In order to validate the functioning of the analyzer, core locatawasmarked at
random on the completed pavement and the location of the cores is rdeasiuce a
GPS sensor. The cores are then extracted and their densigassinad in the lab. The
GPS readings are used to determine the density estimathd BYCA at these locations
during the final compaction pass of the roller. The error betweenneasured and

estimated densities is then studied to determine the statistical meafSpeefrmance.

4.2.2.5Procedure for calibrating the IACA during the compaction of an asphalt

pavement

The calibration stretch is shown in Figure 4.6 and the procedure lfbratan is

described below (refer to Appendix B for more details on the calibration process)

1. The vibration data for calibration of the IACA is first acquirediring the
construction of a control strip. The control strip is 33m (100 ft.) long and 3.6m (12 ft.)

wide. A 9.1m (30 ft.) 'test section' is selected in the middtéetontrol strip and the
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GPS sensor is used to trigger the collection of the vibration akatéhe roller
compacts this 'test section.’

. Using the GPS sensor, the coordinates at the beginning and endhef the test
section are obtained by taking measurements at the center dartbe These
coordinates are used to automatically start and stop the cmtlesftithe vibration
signals as the roller passes over the test strip.

. Three test locations at the center of the lane, 1.6m (5 ft.15nft.) and 8.33m (25
ft.) from the beginning of the test section are marked.

. Using a device similar to a 3450 Troxler Nuclear Density GaugeTransTech PQI
301 non-nuclear density gauge, the density of the pavement siraedaafter each
roller pass at each of the test locations marked in step (iii).

. The compaction process is stopped when no appreciable increase in iy idens
noticed after the roller pass or when roll over (i.e., reduction iasared density is
observed). The core locations are marked from the center dih#ieoller pass at
each of the test locations in step (iv). The GPS locationseofdhes, as well as the
density at the core and in the immediate vicinity of the core are recorded.

. The cores marked in the previous step are extracted and theiydemagasured in
accordance with the AASHTO T-166 method.

. The density measurements taken after each roller pass anceribies of the

extracted cores are used to train and calibrate the IACA.
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Figure 4.6 Selection of core locations after the final pass of the roller.

4 .3 Results of Field Demonstrations

The field evaluation that is reported in this section was choig at six different
construction sites between June 2009 and April 2010. During the field deatiomsof
the IACA technology discussed in this section, the installatiorthef IACA was
performed by the research team with the assistance of thermerf contractors. The
cores for calibration and validation of the IACA were marked axtdaeted by the
contractor and their density independently was verified either by madestimg facilities
or the contractor. The density of the cores was determined bYRAISHTO T-166
method, which specifies the procedure for the determination of the jpedifis gravity

of compacted specimens { from pavement cores. This value is used to determine the
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density of the compacted specimen, and is used for comparison betossbmay

compaction tests and the IACA estimated density values.

4.3.1Accuracy of IACA Measurements

The IACA measurements reflected the quality of compaction glutire field
validations that were conducted. In all, 180 roadway cores weretextrat random from
the completed pavements at the test sites selected for thestdion and their densities
measured using the AASHTO T-166 method. The comparison of the densitihe
roadway cores from the compacted pavements with the densityatstitny the IACA at
the location of the cores is shown in Table Ziie mean density of the cores was 93.1%
(standard deviation of 1.4), corresponding to a mean air void level of 6.9%. T#e IA
measurements at these locations show a mean density of 93.1% (standaidrdeviat
1.5), corresponding to a mean air voids level of 6.9%ll hypothesis testing showed
that there is no significant statistical difference betwdee density measurements from

the cores and the density estimated by the IACA.

It is seen from Table 4.1 that the overall compaction that wasezhduring asphalt
overlay was significantly higher than that achieved duringctimsstruction of full-depth
asphalt pavement (mean density of 93% versus a mean density of 92B%grRore,
significant variation in the density was observed during the compaot the Asphalt
Concrete (AC) base layers, both for full depth as well asd$phalt overlays (standard
deviations of 1.6 and 1.5 respectively). Also, low compaction and high vdyiakds

seen during the construction of Full Depth Pavement.
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Table 4.1 Summary of compaction data

AC base & Surface

Pavement AC base Intermediate Surface Intermediate (HMA
Type (Full Depth)  (Full Depth)  (Full Depth) (HMA Overlay)  Overlay)
Total Cores 25 27 15 49 64
Mean

Density* 92.3 93.2 92.1 93.0 93.8
(Cores)

Std. dev 1.62 0.9 0.87 1.53 1.04
(Cores)

Mean

Density* 92.2 93.1 92.1 92.9 93.8
(IACA)

Std. dev

(IACA) 1.4 1.1 1.0 1.6 1.1
Error

(IACA vs. -0.1 -0.1 -0.0 -0.1 0.1
Core)

Std. dev 05 0.7 06 06 0.8
Errort

Max Error

(IACA) 1.7 -1.3 -1.2 -15 2.2
R? 0.83 0.63 0.63 0.83 0.54

* Mean density (%) of the cores extracted after the compaction oatlement
T Error between the measured density and the density estimated bZe IA
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Figure 4.7 Comparison of the IACA estimated density with density detednfrom

cores extracted from AC base layer (Full Depth construction).
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Figure 4.8 Comparison of the IACA estimated density with density detednfrom

cores extracted from AC intermediate layers (Full Depth construction).
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Figure 4.9 Comparison of the IACA estimated density with density detednfrom

cores extracted from surface layers (Full Depth construction).
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Figure 4.10 Comparison of the IACA estimated density with density detedrftora

cores extracted from AC base and intermediate layers (HMA overlay).
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Figure 4.11 Comparison of the IACA estimated density with density detedritora

cores extracted from surface course (HMA overlay).
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During the field tests, the IACA was observed to be able tmattithe density of the
asphalt pavement layer with good accuracy. The results in #ablghow that there is
little statistical difference in the density estimatedthg IACA as compared to the
density measured from the roadway cores. Furthermore, Figures ndl.74.40
demonstrate that the IACA estimates for the AC base layafshe core measurements
are strongly correlated (coefficient of determination = 0.83jurfés 4.8 and 4.9 also
indicate that in the case of full depth pavement, the IACA perforenencot influenced
by the asphalt layer (similar mean and variance as the densagured from the core
and identical coefficient of determination). However, in the case M ldverlay on
exiting pavement, thin overlays on existing pavement resultedgarlastimation errors
and a lower coefficient of determination (0.5) between estimated deiasitldhe density

measured from cores.

4.3.2Installation and calibration of the IACA

During each of the field evaluations, the installation of the AA@h the vibratory
compactor was completed within fifteen minutes and the traimdgcalibration of the
IACA was accomplished within two minutes of the completion of @ld@tion stretch
(refer to Appendix B for the IACA user manual). Figures 4.12, 4.13 4ab#l show the
IACA installed on a contractor owned Ingersoll Rand DD90 vibradocgmpactor and a
Volvo owned DD118HFA vibratory compactor. At each site, calibration peaformed
for each layer of asphalt. The validation results presented indiksertation were
obtained by comparing the density of randomly selected roadwayg @oth the IACA
estimated density at the core locations. Recalibration of thé I#&&s not found to be
necessary during the course of the project.
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The operator feedback on the ease of installatiah calibration was positive. Tl
displayed information was also well received. Hoare¥he research team found tthe
roller operator primarily paid attention tcdhering to the rolling pattern that w
established and not to the quality of compacticst tvas being achieved. The rol
operator would seldom look at the display or pagrdaion to the density estimates ¢
the asbuilt density maps. Therefore, it s not possible to evaluate the benefits
could result in the uniformity of compaction or theductivity through the use of IAC

technology.

e S P

Figure 4.12Accelerometer mounted on the drum axle of an IrajleRand DD138HFA

vibratory compactor.
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Figure 4.13nstalled view of the IACA on an Ingersoll Rand DD90 vibratory compactor.
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(b)

Figure 4.14a) Installation of the IACA on a Volvo DD118HFA roller; (b) IACA in use.
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4.4 Details of Field Demonstrations of the IACA

4.4.1Field Demonstration - Reading, Pennsylvania

(June 01 - 05, 2009)

The performance of the IACA was observed during the overlay of lhggsvement
on highway US-222 near Reading, PA. Remediation of the existingnaeswenvolved
milling and removal of 4 kilometers (2.54 miles) of existing graent and the
construction of 50mm (2 in.) of 12.5mm (0.5 in.) Nominal Maximum Aggre&ite
(NMAS) asphalt mix on top of the Jointed Plain Concrete Pavenl#€R) base.
Compaction was achieved using an Ingersoll Rand DD110 dual drum vibratory
compactor. Finish rolling was done using a static steel druer loljersoll Rand DD110
roller. Quality Control in the field was performed using a Tro8450 Nuclear Density
Gauge (NDG). The location of the site is shown in Figure 4.15Fendite details are
given in Table 4.2. The accelerometer sensor was located on thef déxée front drum
and the GPS receiver was located on the roof of the compactooff§aein Table 4.2
indicated the lateral separation between the accelerometene@PS receiver and was

used to relate the GPS measurement to the location of the drum.
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Figure4.15 Site location on US-222 near Reading, PA.

Table4.2 Machine and site information (US-222

Date June 01, 2009

Location Reading, PA

Construction type Mill & Overlay

Lift Top

Mix 12.5 mm

Thickness 50.8mm

Roller Ingersoll Rand D1C

Calibration (using NDG) 3 cores

Validation (using NDG) 12 cores
Settings

Accelerometer locatior front

Offset from GPSreceiver (ft.) 0

Drum width (ft.) 6.5
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Figure 4.16 Roller path and estimated densities at core location C1, Reading, PA.

4.4.1.1Discussion of Results

On the day of the validation, the project team installed the I&6Ahe contractor’s
IR DD110 compactor. The calibration of the IACA was performedtdayparing the
IACA estimated density with the density measured using the ctortsa calibrated
Nuclear Density Gauge (NDG). The IACA estimated densitthatcalibration location
'‘CalCore 1' during each roller pass is shown in Figure 4.16. Ifighre, P1, P2, and P3
represent three consecutive roller passes over the calibratidioodal and P3 denote
the forward movement of the roller while P2 indicates the backwanement of the

roller. For each pass, the starting point is designated aBpd3he termination of the pass

*The figure was automatically produced by the IACA.
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is designated by 'E'. For example, P1S represents the staoiimgfor Pass 1 and P1E
indicates the terminal point of Pass 1. The graph in the lowef gapicts the variation
of the IACA measured density in the vicinity of the calibratmeation. From this figure,
the operator can verify the increase in density after eadr gaks and the uniformity of

the compaction at the calibration location.

Table 4.3 Validation results from US-222, Reading, PA

Core Core Density  Estimated Density  Estimation Error
Location (NDG) (IACA) (IACA-NDG)
C1 93.6 93.5 -0.1
Cc2 91.8 93.5 1.7
C3 94.9 93.1 -1.8
M4 93.3 91.3 -2.0
M5 94.5 94.3 -0.2
M6 94.5 92.3 -2.2
M7 93.9 94.0 0.1
M8 93.4 94.2 0.8
M9 92.9 94.3 1.4
M10 92.8 93.9 1.1
M11 91.8 94.0 2.2
M12 91.7 93.9 2.2
M13 91.8 92.9 1.1
M14 92.8 93.3 0.5
M15 93.5 93.5 0.0

After the IACA was calibrated, several locations weradmanly marked on the
compacted pavement and the density at each of these locatiomseasisred using the
nuclear gauge. The GPS coordinates of these locations wemaedsured and the IACA
estimated density was recorded. The measured and estimatetiedesu® shown in
Table 4.3. The results from these tests indicate that the miaatesn error (i.e., mean
of the difference between NDG measured density and IACAnattd density) is 0.3

with a corresponding standard deviation of 1.4. Furthermore, the 95% cadfioherval
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for the estimation error is [-0.4, 1.1] which implies that the AA@easurements are

statistically similar to the measurements obtained using a nucledydsnsgye.

4.4.2Field Demonstration - 1-40, Hinton, OK

(June 10- July 10, 2009)

The performance of the IACA was observed during the overlay of lhggsvement
on Interstate 1-40 near Hinton, OK (Figures 4.17 - 4.19). Remediatidheoéxisting
pavement involved the milling and removal of 9.6 kilometers (6 mibdsgxisting
pavement and then compacting a 75mm (3 in.) lift of 19mm (0.75 in.) NMAS asphalt mix
followed by a second lift of 50mm (2 in.) using the same mix @db#). Compaction
was achieved using a Dynapac and an Ingersoll Rand DD138HF dunal\ioratory
compactors operating in tandem. Finish rolling was done using arsdtigeand DD118

roller operating in static mode.
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Figure 4.17 Site location on 1-40 (West bound) at Hinton, OK.
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Figure 4.18 Calibration region on East bound 1-40 (Hinton, OK).
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Figure 4.19 Validation region on East bound I-40 (Hinton, OK).
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Table 4.4 Site and machine information, 1-40 at Hinton, OK

Date Jun1009 Junl109  Junl209 Jun2609 Jul1009
Location Hinton OK Hinton OK Hinton OK  Hinton OK Hinton OK
Construction type OMi” & Mill & Overlay Mill & Mill &
verlay  Overlay Overlay Overlay
Lift 1st 1st 2nd 2nd 2nd

19 mm 19mm 12.5mm 12.5mm 12.5mm

Mix S3 PG-76- S3 PG-76- S4 PG-76- S4 PG-76- S4 PG-76-
28 28 28 28 28

Thickness 3in. 3in. 2in. 2in. 2in.
Ingersoll  Ingersoll Ingersoll Ingersoll Ingersoll

Roller Rand Rand Rand Rand Rand
DD138HF DD138HF DD138HF DD138HF DD138HF

Calibration Cores 0 3 0 3 0

Validation Cores 3 3 6 0 3

Settings

Acce.lerometer front front front front front

location

Offsc_et from GPS 0 0 0 0 0

receiver (ft.)

Drum width (ft.) 7 7 7 7 7

4.4.2.1Discussion of Results

The calibration and validation of the IACA was performed for bogihak layers as
described in the previous section. Comparison of the density estinyated IACA and
the actual density measured from the roadway cores are shovable 4.5 and 4.6. The
results from these tests indicate that in the case of @thbake layer, the mean estimation
error (i.e., mean of the difference between core density /G4 lestimated density) is

0.4% with a corresponding standard deviation of 0.8. Furthermore, the 95%ecmefi
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interval for the estimation error is [-0.2, 1]. In the case ofséh@ond asphalt layer, the
mean of the difference between core density and IACA estimated deasitipund to be
0.5% with a corresponding standard deviation of 0.2. Furthermore, the 95% noefide
interval for the estimation error is [0.3, 0.7]. These results ial$icate that the IACA

measurements are statistically close to the measurements obtanted usadway cores.

Table 4.5 Validation results for the first lift I-40, Hinton, OK
Core Core Density  Estimated Density  Estimation Error

Location (Core) (IACA) (IACA-Core)
5210+32 96.2 97.9 1.8
5158+52 94.5 94.0 -0.5
5158+91 93.3 93.4 0.1
Calcorel 95.4 94.7 -0.7
Calcore2 95.1 95.5 0.4
Calcore3 94.5 94.6 0.1
5157+64 95.4 96.5 1.1
5240+86 94.4 95.5 1.1

Table 4.6 Validation results for the second lift 1-40, Hinton, OK
Core Density  Estimated Density  Estimation Error

Core Location (Core) (IACA) (IACA-Core)
Calcorel 95.0 94.4 0.6
Calcore2 94.3 94.6 0.3
CalCore3 94.3 94.6 0.3
5273+61 93.6 93.1 0.5
5262+14 94.9 94.4 0.5
5268+98 94.6 95.6 0.1

4.4 3Field Demonstration - 1-86, Howard, NY

(July 22-24, 2009)

Field testing of the IACA system was conducted on Interst@6ériear Hornell, New

York (Figure 4.20). The rehabilitation of the pavement was underthidirst milling
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and removing a thin lift of Nova Chip 15mm (0.6 in.) from some of themawé Then,

the pavement was paved with a 60mm (2.5 in.) lift of a 25mm (1 in,)tmex50mm (2

in.) lifts of 19mm (0.75 in.), and then a 40mm (1.6 in.) lift of 9.5mm (0.4 in.) asphalt mix.
The IACA data was collected during the construction of the secéindf lthe 19mm
(0.75 in.) mix. The mix was trucked to the location by trucks and lawhdasing a
Vogele 2219w paver. Compaction was then achieved using a Hamm HD-130-HYV and
Volvo DD118HFA dual drum vibratory compactors operating in tandem. Fioilihg

was done using the same Volvo roller but operating in static mode (see Table 4.7).
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Figure 4.20 Site location on 186 near Howard, NY (3.8 miles).
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Table 4.7 Site and machine information, I-86 near Howard, NY

Date July 22,2009
Location Howard, NY
Construction type Mill & Overlay
Lift Top
Mix 19mm PG 64-22
Thickness 2in.
Roller DD118HFA
Calibration Cores # 3
Validation Cores # 7

Settings
Accelerometer location front
Offset from the GPS receiver (ft.) 0
Drum width (ft.) 6.5

4.4.3.1Discussion of Results

The calibration and validation of the IACA was performed as destribethe
previous section. Comparison of the density estimated by the IA@Atlze actual
density measured from the roadway cores is shown in Table 4.8. Juits feom these
tests indicate that the mean estimation error (i.e., meaeaodlifference between core
density and IACA estimated density) is 0.1% with a corresponding sthddsiation of

0.8. Furthermore, the 95% confidence interval for the estimation error is [-0.4, 0.7].

Table 4.8 Validation results from 1-86, Howard, NY

Core Core Density  Estimated Density Estimation Error
Location (Core) (IACA) (IACA-Core)
Calcorel 94.9 93.50 -1.40
Calcore2 94.30 94.80 0.50
Calcore3 94.10 94.50 0.40

WC4 94.45 95.10 0.65

WC5 94.35 93.40 -0.95

WC6 95.25 94.60 -0.65

F1 94.30 94.40 0.10
F2 94.55 95.60 1.05
F3 95.85 96.30 0.45
F4 94.30 95.40 1.10
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4.4 4Field Demonstration - HWY 386, Cohocton, NY

(August 12-17, 2009)

Field testing of the IACA system was conducted on InterstateY H386 near
Cohocton, New York (Figure 4.21). The rehabilitation of the pavementuna@artaken
by first milling and removing a thin lift of Nova Chip 15mm (0.6 imrh some of the
pavement. The rest was the existing, very faulted concrete paveifhe concrete
pavement was rubbelized and then proof rolled. Any soft areas uvatercut by
excavating the pavement and offending sub-base and then replaciith gcveened
gravel and a lift of 25mm (1 in.) mix. Then the pavement (either rigaokbr undercut)
was paved with a 60mm (2.5 in.) lift of a 25mm (1 in.) mix, two 50r@nm() lifts of
19mm (0.75 in.), and then a 40mm (1.6 in.) lift of 9.5mm (0.38 in.) in asphaltTih&
IACA data was collected during the construction of the seconaf lifte 19mm mix. The
mix was trucked to the location by trucks and laid down using a V@&gléw paver.
Compaction was then achieved using a Hamm HD-130 HV and a Volvo DD118HFA
dual drum vibratory compactors operating in tandem. Finish rollingdeae using the

same Volvo roller but operating in static mode.

4.4.4.1Discussion of Results

The calibration and validation of the IACA was performed as destrnbethe
previous section. Comparison of the density estimated by the IAQAthe actual
density measured from the roadway cores is shown in Table 4.9. Jiits feom these

tests indicate that the mean estimation error (i.e., meaeaodlifference between core
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density and IACA estimated density) is 0% with a correspondengdard deviation of

0.9. Furthermore, the 95% confidence interval for the estimation error is [-0.4, 0.4].

— s
4390 2
?‘,;
?"’a Qﬁ,g, A -1
% @ o) ke )
2 o - &
(é?‘
g =
= &
Cohocton =
a4
oyl
&
$
goﬂ" i 3‘?' 2
«f =
Lake Rd 3
§T
&
[v]
pics gy \'lw
&
7
3 , Start z
: v
2 & , End
e Rg S Z ok
..
bl / Roller Path
7 34m o
X
=2 cruber Bd !
§ &
7 E
o ]
Lo i 1]
& @ %
= o ‘?P% &
¢ Gayland g Brawn Hil Ra prat™ g;? 2] ,«‘_?
£ %
w o
ab Wallace
&uﬁ‘
% vae® iy RY ©2011 GooglezPap data 2011

Figure 4.21 Site location on HWY 386 near Cohocton, NY (3.7 miles).
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Table 4.9 Validation results from HWY 386, Cohocton, NY

Core Core Density  Estimated Density Estimation Error
Location (Core) (IACA) (IACA-Core)
Calcorel 94.7 94.0 -0.7
Calcore2 94.0 934 -0.6
CalCore3 93.4 94.5 1.1

C1 95.0 93.3 -1.7
Cc2 94.4 93.4 -1.0
C3 94.5 93.9 -0.6
C4 91.9 93.8 1.9
C5 93.5 94.0 0.5
C6 93.4 94.5 1.1
C7 93.5 92.8 -0.7
Calcorel 94.3 93.7 -0.6
Calcore2 93.7 93.6 -0.1
CalCore3 92.6 93.4 0.8
C4 92.7 93.9 1.2
C5 92.7 93.4 0.7
C7 93.3 92.7 -0.6
Cc2 94.5 93.8 -0.7
C3 92.8 92.9 0.1
C4 92.2 92.5 0.3

4.4 5Field Demonstration - 1-35, Norman, OK

(June 17, 2009 - April 21, 2010)

The use of the IACA in estimating the stiffness of a malter HMA pavement was

investigated during the construction of Interstate 1-35 in Norman, Fddue 4.22). This

project involved the expansion of the existing highway, stabilizingsti®grade to a

depth of 200mm (8 in.) using 10% cement kiln dust (CKD), followed by 20Q&m.)

thick aggregate base. The asphalt concrete base layer ednsistOOmm (4 in.) thick

asphalt layer of 19 mm (0.75 in.) Nominal Maximum Aggregate SidAS) S3 (64-22

OK), while the second and third layers were constructed with 19 mm (0.75 in.) NMAS S3

(76-28 OK) of 200mm (4 in.) and 75 mm (3 in.) thickness, respectively. Arb(&rin.)
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surface course of 12.5mm (0.5 in.) NMAS S4 (76-28 OK) was compacted af tiog
three asphalt layers. During the course of the project, thecptegm had installed the
IACA on a contractor owned and operated Ingersoll Rand DD110 rollerreBaarch
team helped calibrate the IACA for each pavement layer bifyveg the IACA
estimated density against 3 calibration cores extracted fienfirtished pavement. The
contractor was allowed to use the IACA instrumented roller ahdata the performance

of the device.
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Figure 4.22 Site location on 1-35 in Norman, OK.
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Table 4.10 Site and machine information, 1-35 in Norman, OK

Date 6/17/09 6/18/09 6/22/09 3/15/10
Location I 35 Norman |35 Norman |35 Norman |35 Norman
Construction type Full depth Full depth Full depth Full depth
Lift AC base 2nd 3nd 4th

S3 64-22 S3 76-28 S3 76-28 S4 76-28
Mix OK OK OK OK
Thickness 4" 3" 3" 2"
Roller IR DD110 IR DD110 IR DD110 IR DD110
Calibration Cores # 3 3 3 3
Validation Cores # 2 3 6 15

Settings

Accelerometer
location front front front front
Offset from GPS 0 0 0 0
Drum width (ft.) 6.5 6.5 6.5 6.5

4.4 .5.1Discussion of Results

The calibration and validation of the IACA was performed as destribethe

previous section. For the AC base layer, the tests indicatehthatéan estimation error

(i.e., mean of the difference between core density and |A§tinated density) is -0.2%

with a corresponding standard deviation of 0.4. Furthermore, the 95% @acdi interval

for the estimation error is [-0.5, 0.1].

For the second layer of the asphalt pavement, the tests enditat the mean

estimation error is -1 % with a corresponding standard deviation of Au2thermore,

the 95% confidence interval for the estimation error is [-2, -0.1].

For the third layer of the asphalt pavement, the tests inditatt¢hie mean estimation

error is -0.7% with a corresponding standard deviation of 0.8. Furthertiwa 95%

confidence interval for the estimation error is [-1.3, -0.2].
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For the final layer of the asphalt pavement, the tests indicatéhe mean estimation
error is 0.1% with a corresponding standard deviation of 0.8. Furthermmared5%

confidence interval for the estimation error is [0.1, 0.4].

4.4.6Field Demonstration - 1-35, Ardmore, OK

(July 01 - 31, 2009)

The performance of the IACA was observed during the overlay of laggsvement
on Interstate 1-35 near Ardmore, OK (Figures 4.23 - 4.24). Remedumitithe existing
pavement involved milling and removal of 9.65 kilometers (6 mileS)existing
pavement and then compacting a 50mm (2 in.) lift of 19mm (0.75 in.) NMAS asphalt mix
followed by a second lift of 45mm (1.75 in.) using the same mix. Comopactas
achieved using an Ingersoll Rand DD90 dual drum vibratory compactoshFiliing

was done using Ingersoll Rand DD90 roller operating in static mode.
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4.4.6.1Discussion of Results

Table 4.11 Validation results from 1-35 near Ardmore, OK

Layer Core Corg Estimqted Estimation
Thickness Location Density Density Error
(Core) (IACA) (IACA-Core)

Calcorel 92.5 93.0 -0.5

Calcore2 92.7 92.9 -0.2

2.5" CalCore3 92.8 91.6 1.2
W4 94.1 90.7 3.4
W5 94.6 92.8 1.8

Calcorel 94.0 93.5 0.5

Calcore2 93.6 93.9 -0.3

1.75" CalCore3 93.8 94.0 -0.2
T4 94.3 92.6 1.7
T5 93.1 90.7 2.4

The project team installed the IACA on the contractor owned laljdreand DD90
vibratory compactor and trained the operator on the operation of the E#@Aits
installation/removal each day after its use. The calibratonvalidation of the IACA for
each of the asphalt layers was accomplished by the TreMACA device was provided
to the contractor for a period of two months (duration of the projBcting this time,
the operator diligently used the IACA each day during the compaatite pavement.
However, the roller operator did not mark any validation cores on dnepleted
pavement. Therefore, the validation of the IACA was accomplished otite docations

marked by the research team at the beginning of the project (Table 4.11).

4.5 Chapter Conclusions

The overview and operational principle of a commercial prototype ofhtb#igent

Asphalt Compaction Analyzer (IACA) were addressed in this enapA rugged
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electronic computational platform was selected and the IACA @gijan was ported to
this computer. A sensor suite and the associated wiring harnessaise developed.
Installation procedures for retrofitting vibratory compactorshwihe IACA were
demonstrated on a variety of vibratory asphalt compactors. The aagcuand
repeatability of the IACA measurements were demonstratadgdthre construction of

asphalt pavements at six different construction sites.
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Chapter 5 QUALITY ASSURANCE OFHOT MIX ASPHALT PAVEMENTS USING

THE INTELLIGENT ASPHALT COMPACTION ANALYZER

5.1 Introduction

Adequate compaction of asphalt pavements during their constructiesastial to
the long-term performance of the pavement. Current Quality Conédhniques
determine the quality at a limited number of points and are not thdicaf the overall
quality of the pavement. In this chapter, the Intelligent Asphalh@action Analyzer
(IACA) is used to estimate the density of an asphalt pavememigdtsiconstruction and
thereby determine the overall quality of compaction. Comparison & th&timates with
the Percent Within Limits (PWL) calculations based on roadwagscdemonstrates that
the IACA can be effectively used as a non-destructive QuAbigurance (QA) tool.
Furthermore, since the IACA continuously estimates the deaofitige asphalt in real-
time, inadequate compaction can be addressed during the construction, therelangmpr
the overall quality of pavement. Thus, the IACA can also servevaduable Quality

Control (QC) tool during construction.

Currently, QC procedures commonly used during the construction of tsphal
pavements require the extraction of roadway cores from the fingeement and may
additionally require several measurements using a point-wise yemsgsurement tool
similar to a Nuclear Density Gauge (NDG). While the dgnsieasured from the cores
provide an accurate indication of the quality, these tests ameictese in nature and are

the source of some of the performance issues, such as potholesdticat the useful life
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of the pavement. Spot tests using nuclear or non-nuclear densgggsgarovide a quick
measurement of the level of compaction, but have inherent limitatiahseduce their
effectiveness as QC methods. Some of the limitations of QC dues currently used
during compaction are enumerated below (Briaud and Seo, 2003; White 2006;

Maupin, 2007).

1. Spot tests cover only a small portion of the compaction area (typically 1:1,000,000).

2. Density tests from roadway cores are time consuming and eegeveral days to
complete. While the result is a true indication of the compactitimeaest location, it
is not an accurate indicator of the quality of the overall peve. Furthermore, some

of these tests are destructive in nature.

3. The test procedure and the analysis of the test data canédedimuming and can

result in delays in the construction.

4. Personnel being in the vicinity of heavy equipment can cregetentially unsafe

environment.

Table 5.1 summarizes the currently available quality measuremievites (Sebesta
et al., 2003; Allen et al., 2003; Schmitt et al., 2006; Sebesta et al., 28EHTO,

2007a; Quintus et al., 2009).
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Table 5.1 Tools commonly used for determining coctipa quality

Time
Test Name Operator lf'equwed Destructive  Portable Miscellaneous
or each
Reading
Nuclear Density ~ DOT radioactive 3-4 mins. No Yes - contains hazardous
Gauge (NDG) materials license/ material,
Operator - firm contact with the
certification surface is required
Core Density Special Training/ 12 hours Yes No - requires additional
(AASHTO T-166) Technician or equipment like core
Engineer drill, coolant, saw etc.
GeoGauge Basic training 1.25 min. No Yes
required
Falling Weight Technical and 2 mins. No No - Large, expensive
Deflectometer sophisticated apparatus that is
(FWD) training mounted on a trailer.
- 30 minutes to
configure the trailer
and the data
acquisition program
Light Weight Basic training 1-6 mins. No Yes - Same theory as the
Deflectometer required FWD
(LWD)
Dynamic Cone Basic training 10 mins. Yes Yes - Destructive testing
Penetrometer required and - Device prone to
(DCP) physically jamming and can be
demanding dangerous.
Pavement Quality Basic training Instantaneous  No Yes - Adjustable for
Indicator (PQI) required moisture variations
and mix type
PaveTracker Basic training Instantaneous  No Yes - Measuring the
required uniformity of HMA

In Chapter 4, the Intelligent Asphalt Compaction Analyzer (IA@As introduced
and its ability to estimate the density of the pavement wasodstrated during
compaction in the field. Recently, several agencies in the UniedsShave launched
programs to evaluate the technology and determine its suitaduslign official (QA)/
(QC) process (CTC, 2006). When properly implemented, Intelligent Coimpacan
have beneficial effects in the overall quality of the pavementsseTbenefits include
(Briaud and Seo, 2003; Petersen, 2005; Camargo et al., 2006; PetersorteasenPe

2006; White et al., 2006; Zambrano et al., 2006; Maupin, 2007):
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providing a complete coverage of the compaction area,

ensuring uniform compaction,

reducing the overall cost of construction,

reducing the life-cycle cost by increasing the service life of thenpents,

providing the quality results in real-time, thereby aiding thenagament and

control of the compaction process, and

providing mapped and stored information for later use in forensic ahayd

Iong-term pavement management.

In this chapter, the utility of using IACA for Quality Control thg the compaction
of Hot Mix Asphalt (HMA) pavement is demonstrated. The results gheivthe IACA
estimated density has a statistically significant colimlavith the density measurements
obtained from roadway cores. Furthermore, the estimated densiynh@an error with a
95% confidence interval [-0.4 0.1 < 0.6] in terms of air voids in the compacted
pavement. Statistical analysis of the IACA data shows thalAiGé estimated density
has a range comparable to that measured from the roadwayTdmagsults of the field
tests disclosed in this chapter justify the use of IACA f@r during field compaction as

well as for computing the PWL for determining the pay factors.

The rest of the chapter is organized as follows. First,sttati QA using PWL
calculations based on roadway cores is discussed. After thagsthprotocol and the

results of the field tests are discussed and conclusions are drawn.
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5.2 Statistical QA Using Roadway Cores

The construction of an asphalt pavement typically involves the corapaofi
multiple lanes over several miles of the roadway. Ideally,Qbality Assurance (QA)
would require the measurement of the density over the entire eftémé¢ pavement.
However, such a measurement is infeasible both from a time ahdtandpoint. As a
consequence, QA in the field is restricted to taking only a finitaber of measurements
at randomly selected locations. Depending on the contracting ag@Acyould also
include statistical techniques to estimate the overall quialised on this set of finite
measurements. Currently, most state agencies employ iS&tiSDA (SQA)
specifications to some degree. The acceptance criteriasa #pecifications address at
least the following three items: i) the quality level desitey the agency; ii) the
procedure to determine the quality; and iii) the pay factors thadpenalty for not
meeting the prescribed quality. Depending on the contracting ygsach a penalty
could result in a simple pass/fail decision with pursuant adjustmentise contract
payment. Percent Within Limit (PWL) is the SQA method that Federal Highway
Administration (FHWA) has recommended for ensuring the quality oAHMvements
(Burati et al., 2003; Gee, 2004). This technique was designed to encandhgeward
contractors to achieve uniform, consistent compaction of HMA pavemBwA.
technique enables the awarding agency and the contractor to us#l awsnber of spot
tests on the completed pavement to statistically estimateovbrmll quality of the

pavement (FHWA, 2006b).

The PWL method is based on the assumption that the density of the ctednpa
asphalt pavement is normally distributed about a mean density (Buedtj 2003; Burati
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et al., 2004) The variance of the measurements is an indiagtdine uniformity of the
compaction - théarger the variancethe greater is the variability of the density about
mean. For example, if four spot tests of densityganle of compacted asphalt pavem
reveal a mean density of 94% (6% air voids) anthadard deviatiol( ) of 1%, then it
can be construed that 68% of the pavement is wit standard deviation of the me
density. In other words, about 68% of the pavet is likely to be compacted betwe
93-95% of the maximum theoretical density-7% air voids). The graph of a norn

distribution with a meaf ) and a standard deviation (is)shown in Figure 5.
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Figure 5.1Probability density function of a normally distriied data with mean p = ¢

and standard deviatian= 1.0.

According to(TRB, 2005, PWL is the percentage of the compacted pavewhose

density lies between the Lower Sification Limit (LSL) and theUpper Specificatiot
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Limit (USL). These limits determine the acceptable qualitg ¢he corresponding pay
factors (FHWA, 2006Db). In this dissertation, the PWL is calcdlate follows (Materials

Bureau, 2001):

1. Four core locations are marked at random for every 1000 tons of agtal laid

and compacted.

2. The cores are extracted and the density of each core is nie@amading to the
AASHTO T-166 method. The meam)(and standard deviatiow) for the entire

days’ production are calculated.

3. The meang) and the standard deviatiom)(are computed as follows:

n .
- s (5.1)

o = M (5.2)
/ n

where n’ indicates the total number of core samples; anddicates the density of the

it" core sample.

4. The Lower Quality Index ;) and Upper Quality IndexQ() are computed as

follows:

0, = [u— L] (5.3)

- )
o
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wherel is the lower specification limit and is the upper specification limit.

Table 5.2 The percentage of material between the lower (L) and upper (U)
specification limits (PWL).
Percent Material

Above Above Above Above Above Above Above F\’/(;sl:th/Se
PLor PLor PLor PLor PLor PLor PLor QU or
Below Below Below Below Below Below Below oL
PU PU PU PU PU PU PU
25 0.75 50 0.00 50 0.00 75 0.75
24 0.78 49 0.03 51 0.03 76 0.78
23 0.81 48 0.06 52 0.06 77 0.81
22 0.84 47 0.09 53 0.09 78 0.84
21 0.87 46 0.12 54 0.12 79 0.87
20 0.90 45 0.15 55 0.15 80 0.90
19 0.93 44 0.18 56 0.18 81 0.93
18 0.96 43 0.21 57 0.21 82 0.96
17 0.99 42 0.24 58 0.24 83 0.99
16 1.02 41 0.27 59 0.27 84 1.02
15 1.05 40 0.3 60 0.30 85 1.05
14 1.08 39 0.33 61 0.33 86 1.08
13 1.11 38 0.36 62 0.36 87 1.11
12 1.14 37 0.39 63 0.39 88 1.14
11 1.17 36 0.42 64 0.42 89 1.17
10 1.20 35 0.45 65 0.45 90 1.20
9 1.23 34 0.48 66 0.48 91 1.23
8 1.26 33 0.51 67 0.51 92 1.26
7 1.29 32 0.54 68 0.54 93 1.29
6 1.32 31 0.57 69 0.57 94 1.32
5 1.35 30 0.60 70 0.60 95 1.35
4 1.38 29 0.63 71 0.63 96 1.38
3 1.41 28 0.66 72 0.66 97 1.41
2 1.44 27 0.69 73 0.69 98 1.44
1 1.47 26 0.72 74 0.72 99 1.47
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5. PWL betweenJ andL is finally calculated as follows:

PWL =[Py + P,]— 100, (5.5)

where P, and P, are obtained from Table 5.2 that was derived from the procedure for

statistically determining the density of the HMA pavement (MateBaireau, 2001).

5.3 Results and Discussions

5.3.1Setup

Field testing of the IACA system was conducted during the comistnuof HMA
pavement on interstate 1-86 near Hornell, New York. The existing lhg@heement had
a concrete base that was severely fractured at a numlomatibhs. The rehabilitation of
the pavement was undertaken by first milling and removing 15mm (9.6fiNova Chip
from the pavement where the support was adequate. The remainkerpalvement was
rubblized and then proof rolled. Any soft areas were undercut by dxupvhe
pavement and the sub-base and then replacing it with screenebagrazelift of 25mm
(1 in.) asphalt mix. The pavement (either rubblized or undercut}ivesspaved with a
63mm (2.5 in.) lift using a 25mm (1 in.) mix, two 50mm (2 in.) lifts1®mm (0.75 in.)
asphalt mix, followed by a 40mm (1.6 in.) lift using 9.5mm (0.38 asphalt mix. The
IACA data was collected during the construction of the seconaflifie 19mm (0.75 in.)
mix. The mix was trucked to the location by trucks and laid down @sWggele 2219W
paver. Compaction was then achieved using a Hamm HD-130 HV and a Volvo
DD118HFA dual drum vibratory compactors operating in tandem. Finisimgollas

performed by the Volvo roller operating in static mode (saeld5.3). The breakdown
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roller (Volvo DD118HFA) was instrumented with the IACA and theCKA was
calibrated during the construction of a control strip. The estdndensity of the
pavement, instantaneous location of the roller, asphalt mat tempertty were

recorded during the compaction process.

Table 5.3 Pavement Information

Project i Lift _ .
Location Description Type Thickness Mix Machine
1-86 Extent 5.75 Km Volvo
# Lanes 1 Mill & 19mm DD118HFA
H°Nr$e”’ overlay °08MM pGes22  HAMM
# Lifts 1 HD130HV

5.3.2Data Collection

The performance of the IACA was studied during the construction of 5aitédiérs
(3.6 miles) of 1-86 on July 22th and July 24th of 2009. Three cores, Gl w&e first
used to calibrate the. At the end of each day, four core locatioesweeked by the New
York Department of Transportation (NyDOT) inspector (see Fifutg according to the
random sampling procedure specified in (Materials Bureau, 2001)dEnaty readings
were taken at each marked location using a calibrated Non-Kubksity Gauge
(NNDG). The GPS coordinates of these locations were also ndbed. fWwo adjacent
cores, labeled Department of Transportation core (DOT core) amgp&hion core (CMP
core) in Figure 5.2, were extracted from each marked location. THE &res were
tested at the NyDOT laboratory and the CMP cores were téstethe contractor
according to the AASHTO T-166 method for determining the bulk spegravity of

compacted bituminous specimens.
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Figure 5.2 lllustration of marked cores and IACA estimation strip.
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5.3.3Interpretation of the Data

The IACA estimated density, roller GPS data, and the aspladltemperature were
then processed to generate an as-built map showing the compaction cacvere¢he
entire pavement. Figure 5.3 shows the density estimated by th& d&€ng the final
roller pass during both days. The comparison of the IACA estinggadity with the

actual core densities and NNDG density measurements atrnitb@maocations (C4-C7

and F1-F4) tested by the NyDOT personnel is shown in Table 5.4.

Table 5.4 IACA estimation results compared to actual core tenaitd NNDG

measurements.
Density Error
Measgred DOT CMP IACA DOT Cores Cores NNDG
Location Core Core Estimation VS. VS. VS. VS.
CMP NNDG IACA IACA
C1 N/A 94.9 94.1 N/A 1.3 0.8 -0.5
Cc2 N/A 94.3 93.7 N/A 0.7 0.6 -0.1
C3 N/A 94.1 94.6 N/A 0.4 -0.5 -0.9
C4 93.6 95.3 94.5 -1.7 0.5 -0.0 -0.5
C5 94.3 94.4 94.2 -0.1 0.6 0.1 -0.4
C6 95.3 95.2 93.9 0.1 1.7 1.3 -0.4
C7 94.1 93.9 94.3 0.2 0.9 -0.3 -1.2
F1 94.1 93.9 94.5 0.2 0.1 -0.5 -0.6
F2 95.9 95.6 94.7 0.3 1.0 1.0 0.1
F3 94.6 93.0 95.2 1.6 -0.5 -1.4 -0.9
F4 94.2 93.0 93.6 1.2 -0.5 0.0 0.5
K 94.5 94.3 94.3 0.2 0.6 0.1 -0.4
o 0.7 0.9 0.5 1.0 0.7 0.8 0.5
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Figure 5.3 Density estimation of the final roller pass during both days.

A comparison of the IACA estimates with the density measurech fthe cores
reveals that the mean and standard deviation of the IACA estiatesity (94.3, 0.5) is
comparable to the corresponding values of the actual densities (94.% @ddition, the
mean and standard deviation of the error between IACA estimatiodsthe actual
average densities of the corresponding cores is less than the error betwleandDCMP
cores. As noted earlier, the DOT and CMP cores belong to the same split colies aaan
are a few inches apart. However, the densities of these ca@dbéen observed to vary
by as much as 1.7%. The GPS reading of the IACA is updated onceseeend. Taking
into account the width of the roller drum (2133mm (7 ft.)), the speethefroller
(approximately 3.2 kilometers per hour (2 miles per hour)), and tha Idi€play rate of
2Hz, it can easily be verified that the IACA estimated dgnsitthe average density
observed in a 2.1m (7 ft.) by 0.6m (2 ft.) rectangle surrounding theg(seeda~igure 5.2).

Thus, while the density of distinct locations on the asphalt mat gauldrally vary, the
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IACA tracks the average density of the pavement with reasorableracy (see also

Table 5.5).

Table 5.5 Variation in density laterally across the drum at a given
location on the pavement

Density
Core Left Right Difference IACA Estimate

Location (Left-Right)

Base #1 90.9 92.0 -1.1 91.1
Base #2 92.3 93.6 -1.3 92.7
Il Lift #1 90.6 91.6 -1.0 90.9
[l Lift #2 92.3 90.5 1.8 91.8
Il Lift #3 91.7 91.8 -0.1 91.5
[ Lift #1 92.3 92.2 0.1 92.4
[l Lift #2 91.6 90.2 1.4 92.0
[l Lift #3 92.2 92.5 -0.3 92.4
Surface #1  90.6 914 -0.8 90.5
Surface #2 914 92.4 -0.8 91.9
Surface #3  91.9 91.6 0.3 91.4

5.3.4Statistical Analysis of the IACA Estimated Density

Observing the mean and variance of two sets of data is usuallgnooigh to
determine if the two populations represented by these sampledtagistically similar.
This is especially true if the number of samples is small (Ledolter agd,t2008). Since
a finite number of core samples are extracted per laneainilee completed pavement,
comparison of the mean and variance of the IACA estimates tatlcarresponding
values obtained from the core samples cannot determine if the ethsdviations are
significant. Null hypothesis tests are therefore conducted tondee if the observed
differences in the mean and variance are significant. A ga&itest, recommended by

FHWA (Gee, 2004), was used to compare the means of the averagteosities versus
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estimated IACA densities. After the normality of the distribogi of both data samples
was checked by the application of the Kolmogorov-Smirnov (KeS), a paired t-test
was applied. The K-S test showed that the data is consisténawiormal distribution
with a ‘P’ value of 0.66, thereby indicating that thla¢ difference in the mean of the
IACA estimates and the mean of the core densities is not istdlystsignificant
Furthermore, the 95% confidence interval for the error in the rdeanities observed
was found to be [-0.4- 0.1-> 0.6]. Following the procedure outlined in (Gee, 2004), the
F-ratio was 1.9, fiica Was 2.9, and the corresponding ‘P’ value was 0.2. These values
demonstrate thahe difference in the variances of the estimated and measured densitie
is also statistically insignificanfTogether, these results show that the difference between
the IACA estimated densities and the densities measured foamway cores is

statistically insignificant.

These results along with the results noted in the overview settoom that the IACA
can estimate the density of asphalt pavements with a meastirema of less than 2
pounds per cubic foot (pcf) corresponding to an error less than 1.2Bwdll known
(Quintus et al., 2009}hat the measurement accuracy of nuclear density gauges is
typically in the range of 2.5 - 4.0 pounds per cubic foot (pcf). Thasstates to a
measurement error in the range of 1.5 - 2.5% air voids for standphdleimixes. In
contrast, the IACA has a measurement accuracy of better than(252%0 confidence

interval) with the associated benefits of complete coverage of the pavemegittime.
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5.3.5QA using the IACA

Performing the PWL analysis based on the density measureifnemsthe DOT
cores, it was estimated that 100% of the 1-86 pavement wgsaotad between a density
of 93% and 96% (Table 5.6). Likewise, for the construction on Hwy-386,ag w
estimated that 100% of the Hwy-386 pavement was compacted betwessity of 93%
and 96% (Table 5.6). On the other hand, using the IACA estimated gesrsstycould
conclude that 100% of the constructed pavement on |-86 and 98% of the codstructe
pavement on Hwy 386 was between 93% and 96% compaction. Table 5.7 shows the
actual density estimated during the final roller pass during cotiopaat both these sites.
The data reiterates the fact that the majority of the asctsin was of very high quality

and less than 1% of the completed pavement was under-compacted.

Table 5.6 PWL calculation using core densities and IACA

estimations.
22-Jul 24-Jul
, Using Using Using Using
Density Range  ~&  |acA Core  IACA
PWL for DR
DR <88 0 0 0 0
88 < DR< 89 0 0 0 0
89 < DR<90 0 0 0 0
90 < DR<91 0 0 0 0
91 < DR<92 0 0 0 0
92 < DR< 93 0 0 0 2
93 < DR< 96 100 100 100 98
96 < DR< 97 0 0 0 0
97 < DR< 98 0 0 0 0
98 < DR< 99 0 0 0 0
DR > 99 0 0 0 0
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During the preparation of the 1-86 site, the contractor had noted tsieree of soft
spots in the AC base between stations 13500 and 15500 and between stations 10500 and
11500. These stretches corresponded to the sections of the highway (nidegeaand
remediation of the AC base was not considered feasible. Recaiostrat the as-built
maps from IACA estimates show that an average density of 93@elaeved on this
stretch in contrast to densities between 94 - 95% at otherdosatin the completed

pavement.

Table 5.7 IACA tabulated frequencies

(percent)
Density Range 22-Jul 24-Jul
Percentage Percentage
DR <88 0% 0%
88 < DR< 89 0% 0%
89 < DR< 90 0% 0%
90 < DR<91 0% 0%
91 <DR<92 1% 1%
92 < DR<93 12% 14%
93 < DR< 96 86% 80%
96 < DR< 97 1% 5%
97 < DR< 98 0% 0%
98 < DR< 99 0% 0%
DR > 99 0% 0%

5.3.61ACA vs. Traditional Methods

There are three traditional methods that are commonly used getBanination of
the density of an asphalt pavement: a) lab measurement oftedtraadway cores; b)
Nuclear Density Gauge (NDG) measurements; and c) Non-Nu@easity Gauge
(NNDG) measurements. On one hand, all traditional methods ardesp®tand do not
adequately reflect the overall quality of the pavement. On the btmat, Intelligent

Compaction technologies, like the IACA, can provide a complete assessh the
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guality of the pavement and aid both in Quality Control as veelha&uality Assurance.
Furthermore, since the IACA estimates the density intmeed-during the compaction
process, over- or under-compaction of the pavement can be detectabatet!. While
under-compaction can be detected using traditional methods, the testingssbliafslam

a cost and time standpoint. Over-compaction on the other hand, can only be detacted afte

the construction is complete, at which time the pavement cannot be easilgaectifi

The rolling pattern for a particular compaction job is estaltisghethe contractor in
cooperation with the representative of the contracting agency begfrening of the job.
During the compaction of a test pavement, the density achieveceatte roller pass is
measured using a handheld gauge. Compaction is stopped when no furéesenar
density is observed. Cores are extracted at random from the etechplavement and
their density is measured in the laboratory to ensure that ctioypaargets are met.
Once a rolling pattern is established, the contractor perioglieatifies the final density
but does not usually verify the variations in density aftehgaass or alter the rolling
pattern unless necessitated by quality issues. While this prot@gde adequate to
obtain passing quality during the compaction of asphalt pavementsnat isleal for
attaining optimum quality during compaction. The ability of the MA determine the
density during compaction can be used to address over/under compactienasphalt

pavement as demonstrated in the following two case studies.

Case Study 1The performance of the IACA was observed during the overlay of
asphalt pavement on Interstate [-40 near Hinton, OK. Remediation oéxilk&ng
pavement involved milling and removal of 9.6 kilometers (6 miles) wtieg pavement
and then compacting a 76.2mm (3 in.) lift of 19mm asphalt mix folldvyea second lift
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of 50.4mm (2 in. using the same mix. Compaction was achieved wsiDgnapac and &
Ingersoll Rand DD138HF dual drum vibratory compasoperating in tandem. Finis
rolling was done usingn Ingersoll Rand DD118 roller operating in static raod he
density during successive roller passes is showigare 5.4. It can be seen from -
figure that significant compaction was already aehdduring the first pass of the rolle
Since the two breakdown rollers are operating mdéan, the achieved compaction
higher than in the case where only one roller sduslowever, it can be seen from
figure that the additional roller passes acdy have a detrimental effect in the sense
the mix is overeompacted and the final compaction that is achi€9@d3%) is far lowe
than the maximum compaction that was obtained etctdmpletion of the second ps
(94.6%). Thus, having access to tIACA estimates can avoid over compaction of

asphalt pavement and result in better quality ofigaction
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Figure 5.4Reduction in density as a result of c.compaction of the asphalt pavem
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Case Study 2The ability of the IACA to detect under-compaction of an asphalt

pavement was observed during the construction of 2.7 kilometers (1.3) rofldJS
Highway 62, near Blanchard in McClain County, Oklahoiae project involved the
construction of a full-depth asphalt pavement consisting of four driameg, a turn lane,
and 2.5m (8 ft.) shoulders on either side of the road. The existing pavemagriirst
removed and the soil sub-grade was stabilized to a depth of 200mmy8simg 15% fly
ash. Using a 19mm (0.75 in.) asphalt mix, a 75mm (3 in.) baseviagsiirst constructed
on top of the compacted sub-grade. This is followed by two additiifts of 75mm (3
in.) using the same mix. A 50mm (2 in.) surface course was #werusing a 12.5mm

(0.5 in.) asphalt mix.

Twelve test locations were marked 3m (10 ft.) apart at theecefteach lane after
the final pass of the breakdown roller. The density at each of shéotations (labeled
L1 - L12 in Table 5.8) was noted using a calibrated nucleartgegesige as well as the
IACA. At each location roadway cores were also extraded their density was
measured in the laboratory according to AASHTO T-166 specificaflamle 5.8
summarizes all three measurements at each location. The osrgedeof these locations
turned out to be relatively low indicating an under-compaction thahttniig caused by
one or more of the following: soft soil sub-base, problem with thepnaigduction, and/or
insufficient compaction. The NNDG measured high densities at tbestons, whereas
the IACA system estimated low densities with a smallhresgtion error from the actual
densities that were measured in the laboratory. The results deateribat the IACA
could detect under-compaction issues that were not detectedotrati@uality Control

tools.
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Table 5.8 Under-compaction detection using IACA system

Density Error
Measured NNDG Core IACA NNDG — IACA —
Location (%) (%) (%) Core (%) Core (%)
L1 92.1 90.3 90.2 1.8 -0.1
L2 92.7 90.6 90.9 2.1 0.3
L3 934 91.7 91.0 1.7 -0.7
L4 93.2 92.2 90.1 1.0 2.1
L5 92.9 91.5 91.0 1.4 -0.5
L6 92.1 89.7 91.0 2.4 1.3
L7 92.8 90.8 91.0 2.0 0.2
L8 93.2 90.5 91.5 2.7 1.0
L9 93.5 91.6 91.2 1.9 -04
L10 93.4 91.3 91.2 2.1 -0.1
L11 934 90.5 91.1 2.9 0.6
L12 93.8 91.1 91.1 2.7 0.0

5.3.7Discussion on the Use of the IACA

One of the attractive features of the IACA technology isjglicability to vibratory
compaction of both asphalt pavements and soil sub-grades. The IACA¢deas
successfully retrofitted on several different vibratory compacémd the performance
was reported in (Commuri, 2009a). The extension of the IACA tmatdithe stiffness

(modulus) of asphalt pavements has been reported in (Singh et al., 2010).

The accuracy of the IACA density estimates depends on the prag®aton of the
device. While calibration using roadway cores is preferred, Hibration can be
performed using density results obtained using a nuclear densdg.dauthis case, the
accuracy of the IACA would degrade and be comparable to that ofleanwensity

gauge (Commuri, 2009a).

The commercial implementation of the IACA is currently underv@pmmuri,
2010). While the cost of the device to the end user is unclear aintRisit is expected
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that this device will be of comparable cost to other commercaibilable Intelligent
Compaction technologies. These technologies typically cost betw&e®0$2- 50,000
and have a return on the investment of less than 1 year in termadumfed personnel

costs and penalties, increased efficiency, and improved workplace safety.

5.4 Chapter Conclusions

In this chapter, the IACA was used to estimate the qualityoofpaction of asphalt
pavement during its construction. Comparison of the pavement densihatestiby the
IACA with the density of the roadway cores show that there stamstically significant
difference between the two sets of measurements. Comparison of the |IAQ#gseadh
the PWL calculations based on roadway cores demonstratetth¢hB8CA can be used
for determining the overall quality based on PWL. Furthermoree shne IACA provides
these measurements during the compaction of the asphalt mat, thecéh(e used to
improve the overall quality of compaction, thereby serving as aoQICAnalysis of the
density estimated by the IACA during the construction at twierdinht sites demonstrate
that the IACA can detect over-compaction as well as under-coiopact asphalt

pavements during their construction.

The IACA data reported in this chapter has shown that the I1A@Asurements are
comparable to the current Quality Control techniques in terms afum@g accuracy. In
addition, the IACA provides a complete coverage of the compactionaakastores
mapped information for later use in forensic analysis and lamg-tpavement
management. Furthermore, IACA provides real-time density measuate that can be

used to manage and control the compaction process that would improve duelity
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more uniform compaction. As a result, compaction costs are redesedting in
significant savings in the overall cost of construction maintenaricéhis critical
infrastructure. The extension of the IACA to estimate thénssk of asphalt pavement

layers as well as cohesive soils and granular materials is currently ayderw
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Chapter 6 CONCLUSIONS AND SCOPE OF FUTURE WORK

In this dissertation, a non-contact sensor capable of deterntim@rguality of asphalt
pavements during their construction was developed. Adequate compactiorasphalt
mat during its construction is necessary for the proper functiafitige pavement over
its designed lifetime. Excessive rutting, cracking, potholestbtt. are signs of failure in
asphalt pavement can be avoided by ensuring proper compaction threugketrof
Quality Control tools and via the adoption of better construction practiCarrent
Quality Control technologies allow only point-wise measurementens$ity during the
construction of asphalt pavements. This manual process of measursmante
consuming and results in avoidable delays in the construction and doelexdit the
overall quality of the pavement. While the mechanism of pavemehirfais well
understood, there are no accepted tools that can determine the qgfialiy entire
pavement during its constructiomhus, there is a need for integrating sensors into
vibratory rollers and to develop automated systems that can control the dioonpac

process to achieve the target levels of compaction.

In the past decade, several Intelligent Compaction (IC) mosele introduced
commercially. However, these systems do not report measureierisy physical
guantity that is associated with the pavement and cannot be vehfieagh in-situ
measurements. Since there is minor theoretical or mechanicgrbac in the
development of these techniques, little insight can be gained intoothpaction of

asphalt pavements. While there have been a few studies on the éompaetg these
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techniques, such studies have focused on soil compaction and very belsrcre

addressed the compaction of asphalt pavements.

6.1 Contributions

While it is generally understood that the quality of asphalt pawénduring
construction can be improved using Intelligent Compaction techniques, some
fundamental modeling and control issues have to be addressed beforecsumtues
can be proven successful. A closed-loop control strategy for ther rcdéinnot be
developed without a proper understanding of the underlying dynamétshe ability to
feedback required information in real-timka this dissertation, the dynamics of the
interaction between the roller and asphalt mat were first determihedugh the
development of the Visco-Elastic-Plastic (VEP) model. A senstimadlogy that can
estimate the level of compaction (density or stiffness) of thleaksmat in real-time

during construction was then developed.

6.1.1Visco-Elastic-Plastic Model

A summary of the contributions is as follows:

The dynamic equations representing the behavior of the VEP model were shown to be
computationally tractable and in a form that is conductive to numerical simulation.

It was also shown that the parameters in these equations areleleppen the roller

and the properties of the asphalt mix.

It was shown that these parameters can be calculated fromnegp®l results in a

straightforward fashion.
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Simulation results showed that the model accurately predictsothpaction of hot
mix asphalt in the field.

Numerical simulations of static compaction resulted in mininegluction in the
amount of air voids content (0.5%), revealing that the model has theféeatsies to
describe field asphalt compaction.

During numerical simulations of vibratory compaction, the fundamémtgliency of
the vibrations of an IR DD118 compactor matched the measured value of 50Hz.
Another set of simulations proved that the model is able to capterasphalt mat
thickness effect on the compaction outcome.

Additional simulations showed that the model can capture the temgecataling

effect on the compaction process and on the workability of the mix haneffect of
starting compaction at a below optimum temperature.

Comparison of the simulation results with data gathered during raotish of

asphalt pavements indicate that this model lays the theorgtimahdwork for the

realization of Intelligent Compaction of asphalt pavements.

6.1.2Intelligent Asphalt Compaction Analyzer

A summary of the contributions is as follows:

The experimental verification of the intelligent sensing thaprgposed in this
dissertation was accomplished through the development of a ruggédimesa

Intelligent Asphalt Compaction Analyzer (IACA).

128



The prototype IACA is easily installable on any vibratory congra@nd is able to
estimate the compaction with accuracy suitable for its useumlit§) Control and
Quality Assurance.

The performance of the IACA prototype was evaluated during thetraohisn of

both full-depth and overlays of asphalt pavements.

The IACA was able to measure the density of the compacted pavevith a mean
error of 0.1 percent (of the Theoretical Maximum Density) anthradard deviation
of 0.8.

Results showed that the IACA is suitable for use as a Quadityrol tool during the
construction of asphalt pavements.

The utility of using IACA for Quality Assurance was also denmi@ted at two
different construction sites.

The estimated density had a mean error of 0.1 with a 95 percéditecme interval [-
0.4, 0.6] in terms of air voids in the compacted pavement.

Such a technology would not only result in better quality and longsting

pavement, but will also result in increased productivity of the aoctstn crew,

shorter construction times, and reduced construction costs.

6.2 Scope of Future Work

Adequate control of the compaction process via the adjustment of the atm@pa
effort would help eliminate under-compaction and prevent over-compactam agphalt
mat. Settings of a vibratory roller, such as the frequency andtadgbf the eccentric

force, could be altered in ordered to adapt the compactive effortfiidiags of this
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dissertation can be used as a foundation to extend the IACA sgsténzan control the

machine behavior.

The long-term performance of an asphalt pavement is direefyed to its load
bearing capability and is determined by the stiffness achiduedg the construction
process. Early deterioration of pavements due to rutting, fatigu&ing, and other types
of distresses can be traced to inadequate stiffness. While @gpgendf pavement
performance on stiffness is well known, this parameter islyrareasured during
construction. Instead, current Quality Control in the field during theteat®n of
asphalt pavements focuses on the measurement of density of ghedippavement at
specific locations. Therefore, the use of the IACA in determitiiegdynamic modulus

|E*| of the entire pavement under construction is being explored.

The proposed VEP model is shown to be computationally tractable anfdim that
is conductive to numerical simulation. However, the performancen@fmodel in
capturing the behavior of the roller and asphalt pavement during cbompaan be

improved by addressing the following:

a) Extension of the model to consider the effect of pavement layersudnbdise on the
compaction process.

b) Consideration of the shear stress and strain during the compaction process.

c) A solution to estimate the contact area between the drum and the pavemeat surfac

d) Investigation of the effect of changing amplitude and frequencythef drum

eccentrics on compaction.
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DISCLAIMER

The contents of this report reflect the views of the author whesjgonsible for the facts
and accuracy of the data presented herein. The contents do notthefleatws of the
Federal Highway Administration or the Oklahoma Department of prategion

(ODOT). This dissertation does not constitute a standard, sp#ioific or regulation.
Trade names mentioned in this report are not intended as an endorsement aflaing,m

contractor, process or product.
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APPENDIX A

NOTATIONS

The following notations are used in the derivation of the dynamiatiems that
represent the compaction of asphalt mix using a vibratory compactor:
F,.: centrifugal force (N);

F,: reaction force of the asphalt layer (N);

Fy 10c: value ofF, at loss of contact (N);

F.: drum-asphalt contact force (N);

MecTec: €CCENtric mass moment (Kg-m);

m,: mass of the roller drum (Kg);

m: mass of the roller frame (Kg);

m,: mass of the asphalt mat under the roller drum (Kg);
g: gravitational acceleration of the earth (9.81%n/s

W, rotational speed of the eccentric masses (rad/s);
wy,: un-damped natural frequency of the asphalt (rad/s);
foc: frequency of rotation of the eccentrics (Hz);

t: time (s);

t1oc: time of loss of contact (s);

troc: time of regain of contact (s);

kqs: drum-frame stiffness coefficient (N/m);

nay- drum-frame damping coefficient (N-s/m);
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k4. viscous stiffness coefficient of asphalt (N/m);

Naw: Viscous damping coefficient of asphalt (N-s/m);

kqe:: elastic stiffness coefficient of asphalt (N/m);

Nap- Plastic damping coefficient of asphalt (N-s/m);

£(t): total Deformation at time(m);

o(t): total stress at timg(Pa);

gy, 0, andoy,: stress as translated to the three components viscous, elastic, and plastic
(Pa);

&,: viscous deformation of asphalt (m);

&,. elastic deformation of asphalt (m);

». plastic deformation of asphalt (m);

&, rate of change of, (m);

». rate of change af,, (m/s);

&,: vertical acceleration af, (m);

&p 10c. Value ofe, at loss of contact (m);

&y 10c. Value ofe, at loss of contact (m);

£y roc- Value ofe, at regain of contact (m);

z4. vertical displacement of the roller drum (m);

zs: vertical displacement of the roller frame (m);

z,. vertical displacement of the roller asphalt surface (m);
%, vertical acceleration of the roller drum (R)/s

Zg: vertical acceleration of the roller frame (AXs

%, vertical acceleration of the roller asphalt surface {m/s
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Zq roc- Value ofz, at regain of contact (m);
Zq roc: Value ofz, at regain of contact (m/s);

C, Cy, C,: constant of integration (unit-less).
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INTELLIGENT ASPHALT COMPACTION ANALYZER
User Manual

Version 2.0

B.1 Introduction

The Intelligent Asphalt Compaction Analyzer (IACi&)a roller-mounted device that
can measure the density of an asphalt pavement during its ctinstruthe IACA
measures the vibrations of the drum of the vibratory compactor dilmengompaction
process and estimates the density of the asphalt mat continuauglgl-time during the
pavement’s construction.

Quality control techniques currently used in the field involve thesoreanent of
density at several locations on the completed pavement or thetextraf roadway
cores. These methods are usually time consuming and do not revexatithk quality of
the construction. Furthermore, any compaction issues that areigbbcaihnot be easily
remedied after the asphalt mat has cooled down. The ability tA@% to measure the
level of compaction of the asphalt pavement during its constructibemneble the roller
operator to identify and remedy under-compaction of the pavement aviuiding over-
compaction.

Key features of the IACA are:

e Neural network based intelligent analyzer that can estirhatdensity over the entire
pavement.

e Display of asphalt mat density, surface temperature, rollertigmsispeed and
heading in real-time.

e Density is also displayed as a ‘strip chart' to help identifg uniformity of
compaction on a given stretch of the pavement.

e The displayed information is updated twice every second with aabpagplution of
better than 0.3m (1 ft.).

e Intuitive, easy to use, calibration procedures that allow forratelestimation of
density of both full-depth, as well as overlaid asphalt pavements.

e Can be used to estimate the density of thick lifts (base anthedeate lifts), as well
as thin lifts of asphalt pavement (surface course).

e Built-in utilities can be used to validate the density afjieen location on the
pavement against Nuclear Density Gauge (NDG) readingsnsitgdeneasured from
a roadway core.

e As-built maps to plot the overall compaction for the entire roadway constnucti

e Pass-by-pass density to detect under compaction and prevent ovecttomphthe
pavement.
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B.2 Installation Procedure

The Intelligent Asphalt Compaction Analyzer (IACA) consists aigged Tablet PC,
GPS receiver, uniaxial accelerometer, and an infrared tempers¢asor. The IACA
should be mounted on a Volvo DD138HF or similar roller prior to itbialon and use.
The installation procedure is described in this section.

B.2.1 Components

Check and verify the following components prior to installing th€AAon a Volvo
DD138HF roller.

1) Rugged Tablet PC (Figure 1).

2) Trimble Pathfinder ProXT GPS receiver (Figure 2).

3) Raytek CI non-contact infrared pyrometer (Figure 3).

4) Summit Instruments 13200C 10g accelerometer (Figure 4).

5) Tablet PC mounting platform (Figure 5).

6) Mounting bracket (Figure 6).

7) Swivel arm (Figure 7).

8) Mounting Hardware (8 — 5/8 x 6 in. bolts, 8 — 5/8 in. nuts, 16 — 5/8 in. washers, 16 —
5/8 in. lock washers. Tie wraps).

E
=
=

Figure B.1. T8700 Rugged Tablet PC with integrated numeric keypad
(shown on mounting platform)
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Figure B.2. Trimble Pathfinder ProXT GPS receiver

Figure B.3. Raytek Cl non-contact infrared temperature sensor

Figure B.4. Summit Instruments 10g uniaxial accelerometer
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Figure B.6. Bracket used to attach the Tablet PC platform
to the rail on the roller

Figure B.7. Swivel arm used to attach the Tablet PC platform to the mountikegtbrac
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B.2.2 Installation

Figure B.8. Mounting location labels on a Volvo DD118HF roller.

()

Find the best location on the drum to mount/glue the accelerométercldser to
the drum the better and it should always be before the drum rubber tnauake sure
the measured vibration is for the drum and not the roller body frante tbe location is
defined, clean it and use superglue to mount the accelerometer.

()

Mount the temperature sensor on its bracket and then glue isafe docation on
the frame pointing down towards the road surface.

()

Mount the GPS receiver on top of the roller. The GPS receigefdaan padding
and a magnet that is good enough to stay in place without the negddar tape. Turn
GPS receiver on. Write down the horizontal distance between tie & the
accelerometer (offset distance) for later use during the post processing.

O

=

Mount the mounting bracket (Figure 6) to a convenient location on theltad. a
good practice to use foam padding to absorb vibration. Mount the bracketrbyg
the bar between the semicircular rods and tightening the boltstabeharacket will
not slide when the roller vibrates. Make sure the knob is facing inside the cab.
Attach the swivel arm (Figure 7) to the knob on the mounting braElgirg 6) and
to the knob on the mounting platform (Figure 5) by inserting the knobsactosde

N
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of the swivel arm and adjusting the tightening screw. Make $wentounting
platform is situated so that the ribbon cable is on top.

3. Insert the tablet PC in to the mounting platform. Do this by mlthe top bracket
back and fitting the tablet PC in the space provided, and then bend thea¢&ptbr
back down ensuring the tablet PC remains in place. Connect the gmadrom the
mounting bracket to the associated plug on the bottom of the tablet PC.

4. Connect the ribbon cable to the data acquisition on the tablet. digetleree cables
coming out of the back of the cradle labeled C1, C2 and C3. Connectlbie
attached to the accelerometer to C1, the temperature sensoitc#&. If needed,
use straight serial cables to reach sensors.

()

1. Connect the power cable to C3 and to a 12V battery if availableeriise open the
roller engine hood and connect to its battery. Use care when tappiing roller’s
battery to avoid electric shocks and make sure polarities are correct.

2. Turn the tablet PC on by depressing the gray button on the top heftside of the
face of the tablet PC. Once this is on, connect the GPS null-model®a to its
associated port on the bottom of the tablet R&ait until the tablet PC is ON
before connecting the GPS using the null-modem serial cable.

B.2.3 IACA Initialization

Boot up the Tablet PC by depressing the power button. After thietTRC has been
powered up and the Windows XP operating system has been booted up, theillNG:A
started automatically. The user interface to the applicati®@hasvn in Figure 9 with
different features being outlined.
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Saving
textbox

Pavement density (Real time) ‘ | Roller Speed | | Heading of the Roller
. - .

| 7

Intelligent Compaction Analvzer &1 1 wer 3.3

Toggl
Directicn

0 il Forward

Surface

GPS coordinates Temperature

Strip-chart displays

real-time density Status of the GPS and G-Sensor

(connected or disconnected)

Figure B.9. IACA user interface

B.3 Calibration of the IACA

The IACA is based on the hypothesis that the hot mix asphatt beyeg compacted
and the vibratory compactor form a coupled system whose vibratioa$fected by the
stiffness of the asphalt mat. As the compaction process unfoldstitimess of the
asphalt mat increases and as a consequence the response ddtaradkethe roller are
altered. These changes in the response can be used to deterngweltbécompaction
achieved. In order to determine the level of compaction, the IACA slbeutchined to
recognize the response of the roller during the compaction procksscalibration
process described below is designed to train the IACA to rea@ghiz vibrations
resulting from different levels of compaction and to generated#resity information
based on the characteristics of the mix.

The calibration of the IACA is a two-step process. In th& Btep, the vibrations of
the roller are captured over successive passes on a cahbsatetch. These vibrations
are analyzed and features corresponding to different levels ditioig are extracted.
The extracted features correspond to the amplitude of the vibratiorsaliant
frequencies. These features are then used to train the neurarknetéter the
completion of the training process, the neural network canifglasisrations of the roller
during compaction as those corresponding to one of the predetermined d¢vels
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compaction. For the sake of calibration, the lowest level of vibratoassumed to
correspond to the lay down density while the highest level of wiloras typically
encountered when the target density is achieved.

In the second step of the calibration procedure, the calibratiforiped in step one is

refined to improve the accuracy of the density measurements.tAdtealibration stretch
is compacted, three cores are extracted from the completed graivand the estimated
densities at these locations are compared to the densities etkdsan the cores

according to the AASHTO T-166 standard. The calibration paramaterthen modified

to minimize the error between the estimated and measured densitieg db¢hé@sns.

B.3.1 Selection of a pavement section for calibration of IACA

)

ii)

First a control strip of approximately 33m (100 ft.) long needs tedbected.
Mark off a 30 foot calibration section in the middle of this conttop {Figure
11). The start and end of the calibration section need to be mhyké&PS
coordinates at the center line of the pavement. The GPS reiseusd to trigger
the collection of the vibration data when the roller starts cotimgathis section
of the pavement.

Mark test locations at the center of the lane at distangds5oh (5 ft.), 4.6m (15
ft.) and 7.6m (25 ft.) from the beginning of the test section.

Stop the compaction process when no appreciable increase in thy dessen
after the roller pass. After the final pass of the roltaree core locations are
marked as shown in Figure 11. The GPS location of the coredastedlin the
Tablet PC as explained in the section 4.0. Also, the density abtbed in the
immediate vicinity of the core is recorded for each of theetlwores using a non-
nuclear density gauge.

The cores marked in the previous step need to be extracted andethgiy is
measured in accordance with the AASHTO T-166 method.

The densities of the extracted cores are used to train ahdatalthe IACA as
detailed in the following sections of this manual.
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Final Roller Pas

Enc

Core Locatio

Calibration Stretcl
30’

Star

Figure B.11. Selection of core locations after the final pass of the roller

B.3.2 Calibration procedure

1. Make sure that the GPS is updating by looking at the coordinatdsxegn the
display (see figure below).

Saving
-

3 1ntelligent Compaction Analyser © | wr. 3.3 -~ tEIthI
File GF1  Glermor Help
Diiplay  Map | TestData | Tosk

. Dirgction
YR Forvwerd

93.0"

N

GPS co-ordinates will be updated as
the roller keeps moving on the field

Tiema Elagied: 0:0:43 f Dc3: 1

2. Let the roller compact a couple of stretches (not passes) d&elsuie that the data is
being saved by looking at the status textbox (see figure above).
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3. Mark a calibration region of 9m (30 ft.) as shown in the figure below:

[Sta

2
Al b

) @
BL|=

o] o]

4. Make sure that the roller compacts all the passes without stoppohgvithin 13
minutes. Also make sure that the roller stops for at least 1 enrmiore and after the
calibration stretch for the roller to save data.

o g

The last pass of the calibration region should be in the middle of the road.
In the tools tab of IACA, push “Start Point” button while the roitealigned with the

start line and the “End Point” button at the end of the calibration stretch.

‘ | Calibration button ‘

| IACA Tools Tab

Marking Calibration region
Start and End points

¥ Intelligent Compaction Analyzer @ | ver. 3.3

File GF5  GeSensor =)
Display | Map | Test Du
Dista Collection

(&) Automatic Save

O Marual Save

JulZ20dnet mak

Calibration Regian

Start Point

B

N | Jul220dcl mat

Neural
Network
file used

Save

Mar300 1]

v Calibration

End Point

Save GPS
Locations

[ Mark Core l Sawve ta Fila [ Open File l
Ciore Mumber Cooedinates
C

Measured Densiy Cone Density

Figure B.12. IACA Tools window

7. After the calibration region is compacted and the roller is stbprethe data to be
saved (remember the file number), go to the tools tab and push thierd@an”
button (Figure 12). The following three windows appear on the screen.
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4 3

Figure B.13. IACA command editor window

m a=a|

Settings

UNIVERSITY OF OKLAHOMA
Intelligent Asphalt Compaction Analyzer

‘ CALIBRATION MODULE

‘ ANALYZER MODULE

Patent Pending Select a day... [ Quit |

(US 2006/009635441 , 2006.)

IACAprocess Wersion 2.0 tpe

Figure B.14. IACA process window

-} IACA select a working day

Select a working day...

]

G-gsensoris on the drum at

L

Distance between GPS and G-sensor (feet)

Drum Width (feet)

ENQEN

Change settings

Confirm l ’ Close

Figure B.15. IACA Select a working day window

157



8. Select a working day as shown in the figure below.

M IACA select a working day

Select a working day...

(>-Sensoris on---
Jun1109
Distance betw SEpD1 09 t) I:l
Dirum Width (fbei SAbr48ie] I:;l

Change settings

‘ Confirm ‘ ‘ Close ‘

After selecting the working day, enter the following pararetG-sensor position on the
drum (front or rear), distance between GPS and G-sensor (ditsahce) in feet and
drum width in feet (as shown in the figure below) and push the “Confirm” button.

MIACA select a working day Elli”‘s__(l

Select a working day...

Sep0209 -

>-sensor is on the drum at rear :l
Distance between GFPS and G-sensor (fget) g Zl

Crrum Width (feet) 7 B

[5.5

Confirm ‘ JE

9. Push on the “CALIBRATION MODULE” button in the IACA process windai
Figure 14.
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The following window appears after the successful initaiabmawf the calibration
module. Click “OK”.

_._'_ Calibration Module

Intelligent Asphalt Compaction Analyzer
CALIBRATION MODULE

— Meural network training

Train a neural network

— System calibration

J Finish initialization!

< Successfully initialize the Calibration Module for Sep0209

(0 Calibration using Measured Density

Get Estimated Density

— Lacation —-- Estimated Density -—- Measured Density—

Location 1

Location 2

Location 3

Calibrate

Figure B.16. IACA Calibration Module window

10.Push “Train a neural network” button in the figure above.

11.After training is finished, select the theoretical maximummsitly as 96% and
minimum density as 91% then push the “Calibrate” button. A new fileeda
datecalRaw.mat is created and the new Calibration parameters are saved to i
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12.Close everything including the IACA application then open it agadth rmake sure
the right Neural Network is selected in the IACA Tools tab (see figure 12).

13. After you get the core densities of the calibration region fileenlab, go back to the
Calibration Module (figure 16) and change the selection from “Ralb@&tion using
Maximum Density” to “Calibration using Measured Density”.

14.Push the “Get Estimated Density” button to get the estin@dgedities at the three
core locations. Enter the corresponding Lab densities on the righarsidpush the
“Calibrate” button (see figure below).

) Calibration Module Q@@

Intelligent Asphalt Compaction Analyzer
CALIBRATION MODULE

Neural network training

Train a neural network

System calibration

() Raw Calibration using Maximum Density

(%) Calibration using Measured Density

Get Estimated Density

Location ---- Estimated Density -—- Measured Density
TACA estimated rocaten 94.6 Enter measured core
core densifies Location 2 935.5 | & densities from the lab
Location 3 95.3

l Calibrate ]

A\

Pushing “Calibrate” button after entering
the measured densities in the right side
columns of the estimated density saves the
new Calibration parameters to the file
named datecal.mat

15. Close everything and then reopen IACA.

This completes the calibration procedure.
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B.4 Marking Cores

At the end of each day or whenever needed, GPS location of the cored lsboul
collected to be able to correlate estimated density with tesuned ones. The following
steps describe core marking operation:

1. Remove the GPS receiver from the roller and reconnect it talhet PC if the cable
was disconnected during the operation.

2. Disconnect the ribbon cable coming from the cradle to the data amgquisn the
tablet PC.

3. Remove the tablet from the cradle and put the GPS receiver af t@ core to be
marked.

4. On the Tools tab of the IACA GUI (Figure 12), select a Iefttem the drop down
menu as a core name for the day and type in the core numbebioxthext to it (see
figure below).

i Intelligent Compaction Analyzer € | ver. 3.3
Fie GPS GSemsor Hep
Display | Map | Test Data| Tooks

Dits Cilection Callsion Rsgion

@) Automaic Save A

P Start Point
- End Point
JulZ et mal w

. Calibration

Save GPS
S'[Op Locations

These are
S optional
ave Mark Care ‘ [Smio File ‘ Open File ‘
(/
Waano 0 Ciore Numbes Cocednate: * Mazured Densiy Coee Density
] e ]
Select the core | _—

name and number

5. Push the “Mark Core” button to register the GPS coordinates in theThe “Mark
Core” button can be pushed as many times as the operator wahtsjtwite data
(GPS coordinates) being saved. Once the GPS coordinates aréardadsaved, the
“Save to File” button should be pressed to automatically save or épien
information to a text file named datecore.txt.

6. The "Measured Density” and “Core Density” boxes are optional nmition that can
be filled in case it is a PQI or Nuclear Gauge measurement.

7. Repeat steps 4 to 7 for each core location.
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B.5 Run Time Monitoring of Compaction

The calibrated IACA can be used to monitor the peeg of compaction as well as
evaluate the quality of the construction. The cdpplof the IACA to influence the
guality of compaction of asphalt pavements durlmgrtconstrudon is described in thi
section.

B.5.1Monitoring of compactior

To monitor the progress during compaction, seleet'Display’ option in the IACA
user interface (Figure 17). The interface showRigure 17, displays the roller positi
(latitude andlongitude), the roller speed and heading, the sarf@mperature of tr
asphalt mat and the density of the pavement atctleent location. The display
updated two times every secc

Pavement density (current location) Roller Speed Heading of the Roller Saving
textbox

Lathude | JR195077
L
Tcgg,&a Longiude |53 335003
Diractign

Status of the GPS and G-Sensor Surface Temperature
- (connected or disconnected) P
%4

ﬁli'\ﬂf“lﬂ\ﬁ. ™7 h-'h"-" ""\F 'ﬂrm'rr'w"'.r

T Elapaad: 0:2:59 f WS35

Strip-chart displaying
real-time density

FigureB.17. Real-time display of compaction density
The abovdigure also displays the density of the asphalt chatng the compactio

as a ‘strip chart.” This chart provides visual fleack on the uniformity of compaction
the roller operator.
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B.5.2 Compaction maps and tools for analysis

In addition to providing real-time information on the density achievednglur
compaction, the IACA can also be used to evaluate the overaltygolcompaction
over the entire project.

1. On the tools tab of the IACA GUI push the “Calibration” button andcse@evorking
day.

-
B 1ACA select a working day ==

Select a working day...

G-sensoris o -

Jul2209

Distance between GPS and G-sensor (feet) | L

Drum Width (feet) .|

Change settings ‘

‘ Confirm ‘ ‘ Close ‘ |

2. On the main window push “ANALYZER MODULE".

(=™ e
j— —
Settings £
UNIVERSITY OF OKLAHOMA

Intelligent Asphalt Compaction Analyzer

CALIBRATION MODULE

ANALYZER MODULE

Patent Pending Select a day... Quit
)

(U5 2006009535441, 2006,
IACAprocess Yersion 2.0.tpc

3. Onthe AnalyzerLModuIe window select a task to be perforfned.
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|- e —
B Analyzer Module =l o)X

Intelligent Asphall Compaction Analyzer
ANALYZER MODULE

Select a task |
| =T ELET R | Flot all sactions with coras |
| Plot compaction map

Select neural netwark Plot compaction map with all cores
alidate at a point

Walidate at all points

1Plot pass by pass density

Plot final pass density of a stretch
Plot final pass density of all stratches
Flot GPS data

Plaot vibration data

P Plot spectrogram

Test the raw data

IACAp Version 2.0.t Test matching files §
i rocess Version 2.0.1pe
|

Fy

| Select calibration parameters

IACA tools

Select core location

Figure B.18. IACA Analyzer Module

There are a number of useful tools in IACA (as depicted in thediabove) which
are helpful to understand the compaction process as well astatesthe overall quality
of the construction. A few of these tools are described below.

B.5.2.1 Generation of as-built maps

We can generate compaction map of a particular stretch usiog ¢®hpaction map”
tool in the IACA Analyzer module of Figure 18. Once the tooleleced, we need to
choose the stretch for which the map is required, neural netwoili;ati@n parameters
and then push “Perform the selected task” button (see Figure 19 below).
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n Analyzer Module

=nulS]

IACA
Intelligent Asphalt Compaction Analyzer 4+ tool name
ANALYZER M‘@LE/
Salect atask |F'I01 compaction map j
Select data | [Jul2209vib004 -] Select the
(4l a s i T ||
—— m stretch
Select newral network |_Ju|2mnet rival J
Select calibration parameters I_Julzmcgl_mm j Select the
neural
[caicoren -] ~.] network and
calibration
parameters
Perform the selected task ‘
IACAprocess Version 2.0.tpc Cluit
Figure B.19. IACA “Plot Compaction tool”
An example plot is shown below.
n Figure 1: Compaction map with roller width of stretch 003 E@Iﬁ
File
DEeEHE ®ame ¥ 08
Jul2209-compaction-map-of-stretch-003-X-Y-roller-width
ol o [ o S L
) L AL S R
= 8441345 f f
&2 : !
. e e
z : Y ; E
L e A S S e L :
) P S—— S —
i i i i i i
-50 0 50 100 150 200 250
— East (feet)
m =95 5%
94 5% ~ 95.5%
= 93.5% ~ 94 5%
m 92 5% ~ 93.5%
= 915% ~ 92.5%
+<915%

165




In the above plot, each color corresponds to a different density levehisSmap
basically shows an outline of the approximate density achievedydiwrencompaction of
the stretch.

B.5.2.2 Plotting of GPS data

We can obtain a plot showing the compactor rolling pattern of &lart stretch by
using the tool “Plot GPS data” in the IACA Analyzer moduleuiffeg18). Once the tool
is selected from the scroll down list, we need to choose thelstogtwhich the data is to
be plotted and then push “Perform the Selected task” button (see Figure 20 below).

B analyzer Module L 0 ] |

Intelligent Asphalt Compaction Analyzer
ANALYZER MODULE

Select atask | |Plot GPS data | TACA
tool name

Select data  |Sep0209vib0024. mat -]
Sepl205hib002. mat
Sepl20%ib007 mat
SepD205ib00S, mat
Sepl20%b0010. mat
1| Sepa2094ib0011.mat

Sepl20%ib0012 mat
Sepl20%ib0018. mat

Sepl205ab0019. mat
Se;lJZ‘UQvTI:aEDBJ.mat Select the
Sepl209ib0023 mat — stretch

Pe Sepl209b0024. mat

Sepl209vib0025. mat
Sepl209ib0026, mat

IACAprocess Yersion 2.0.tpe se 0027 mat Quit

Sep020%ib0028. mat
Sepl20%ab0029. mat

Figure B.20. IACA “Plot GPS data” tool
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An example plot is shown below.

DEE& 8an® v 08

these plots indicate the number of passes this plot :.nt:]c a‘ﬁerﬂl.e ;:::E
taken by the roller during that stretch pattern ol the rofer m s
the direction and position of it

167



B.5.2.3 Validate the compaction values at a point

Using the “Validate at a point “ tool in IACA, we can estimtite density of a particular
point or location on the pavement. Use the scroll down menu (as shave figure
below) to select the core location and then push “Perform theextliask” button. This
will generate a figure displaying the density during each pass forldoteskcore.

Bl Analyzer Module = | E S

Intelligent Asphalt Compaction Analyzer
ANALYZER MODULE

Select a task i alidate af & point [=|

IACA tool name

You also have an
option to select raw
calibration parameters

|5 ep2094ib0024. mat -]
Select neural network |Sep0209net.mat j
Select calibration parameters ibeleALlHu:al.mat j —
Select caore location iCaICore1 j
‘\‘\
™~

Perform the selected task ‘

lACApracess version: 05-Mar-2010 Quit

Select name
of the core
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An example figure is shown belcand the details are outlined.

B Figure 1: Density of core W4 in Sep0209 ESHell x|
File

DEedae fRaM® (¥ 0Ea

Core W4 - Sep0209

' -
Of----t
D H
£
g ) R . U s - :
2 :
T 4t o
o IR . PR T S . st

i H ." .l H H ' H H i
i 6 4 -2 0 2 4 6 8 10
p2-s9 —» East(feet) p3gq

Pass numb

g B o
33 B B
‘ Stretch number |e [ N A 0110 3 .13
w i P CTIE ittt e
o 90 90 90
F-91. B-92.1% F-94 6%
F - Forward Pass ‘ Estimated density ‘ | Final Pass density ‘ ‘ Density scale |
B — Backward Pass =

FigureB.21. Estimated Density of a core using IACA-
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B.6 Usage and Precautions

The IACA is capable of displaying the density of the asphalt coatinuously
during its compaction. This information is also stored along witfalR& data and other
relevant information for analysis of the quality achieved. While abeuracy of the
measured densities have been found to be comparable to hand held dedcies irs
situ testing of the density, a proper understanding of the technatudythe calibration
process is essential to obtaining accurate measurements. Tvenglpoints must be
kept in mind during the calibration and use of the IACA.

e Proper calibration is key to getting accurate measurements of density.

e The density obtained on compaction of an asphalt pavement depends on thié mix,
thickness, compacting equipment, and more importantly on the underlyerg lof
asphalt as well as the subgrade. Inability to obtain desired ctimpaan usually be
traced to a poor asphalt mix or to insufficient preparation of the site.

e For accurate results, the IACA must be calibrated for eagr laf the pavement
under construction. Furthermore, recalibration is warranted whenbkegs is an
appreciable change in either the mix or the site characteristics.

e GPS sensors require a clear line of sight to the satdlitebeir proper functioning.

Roadway construction under bridges and overpasses, as wellcagsnwith tall
structures, poses a problem in determining the spatial location of the roller.

170



B.7 Removal and Care of IACA Components

The IACA and associated components have been designed for eadgtiostaind
removal. While it may be necessary to retain the equipmentgderiad of several weeks
during the evaluation process, it is necessary to remove the coimpaitgilatform
(Tablet PC) and the GPS receiver at the end of each daygiestiThe following steps
must be followed to safely remove the Tablet PC and the sensor.

Step 1. Save all relevant files and terminate the IACA application on the Pahle

Step 2. Power off the Tablet PC and disconnect connectors C1-68, @drefully
disconnect the ribbon cable connector and the GPS connector.

Step 3. Ensure that the compactor is turned off and securely parev® the GPS
receiver from the room of the compactor by gently pryingniagnet off from
the frame.

Step 4. Use the power adapter to charge the internal battérg GPS sensor for future
use.

Step 5. Carefully pack the Tablet PC taking care to not scratch or dama&e thsplay.

At the completion of the evaluation, the user is required to removéhallACA
components, place them in their original packages, and ship the BB4CA to the
University of Oklahoma.

The address for shipping is:

Attn. Dr. Sesh Commuri
University of Oklahoma
School of Electrical and Computer Engineering,
Devon Engineering Hall, Room 432
110 Boyd St., Norman, OK 73019

B.8 Troubleshooting

e Make sure the tablet PC@N beforeconnecting the GPS receiver.
e When charging the battery of GPS receiver, please disconnect the battetirdr
receiver before attaching the cable.

e There is a fuse connector on the power cable. If power is not being received by the

tablet PC, the fuse may be the reason.
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