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Abstract

Intelligent Compaction (IC), which is a part of Cpattion Management, is a real time automatic adfjest
and continuous compaction control technology of ngairials or asphalt layers. The adjustment of the
compaction parameters by the equipment is condwgitedltaneously to the compaction process, as agethe
continuous measurement of a dynamic compactioneyalhich is an indicator of the material's degrde o
compaction. This study seeks to assess the adesntagd disadvantages of IC, as well as formulasing
comparison with conventional compaction methodseims of efficiency. This goal was achieved through
situ application of various technologies to twatidist types of material: a soil-rockfill mixture dra sandy soil.
Data was obtained and analysed by the IC continirmfiesmation, as well as by the application of save
different conventional compaction control tests anethods. Results show that the IC technology pissa
superior performance, as well as various advantapes compared to conventional compactors.
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Résumeé

Le compactage intelligent (Cl) qui fait partie dedestion de compactage est une technologie @ajesit
automatique et de contrdle du compactage des sotfes couches d’enrobé. L'ajustement des parasndae
compactage par l'équipement est effectué simultanému procédé de compactage, ainsi que la mesure e
continu d'une valeur de compaction dynamique, guiue indicateur de la mesure du degré de compactag
matériau. Cette étude vise a évaluer les avangides inconvénients du Cl, ainsi que sa performanec les
méthodes de compactage classiques en termes abifiicCet objectif a été atteint gracea l'applicaide
diverses technologies a deux types de matériauxnélange sol-enrochement et un sol sableux. Legdis

ont été obtenues et analysées par les informatior®ntinu du Cl, ainsi que par I'application despurs essais

et méthodes conventionnelles de contrdle du coragacties résultats montrent que la technologier€gnte

un rendement supérieur, ainsi que divers avaniggieipport aux compacteurs classiques.

Mots-clé: Compactage, compactage intelligent, compacteats, mélanges sol-enrochement, raideur
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1. Introduction

The concept of Compaction Management (also refeiweas Intelligent Compaction, IC) initially appedrin
Europe around 198Forssblad, 1980; Thurner & Sandstréom, 1980), although it has recently been subject of
significant study and development in the U.S. iy FHWA (Federal Highway Administration) (Camargagt
2006; Petersen, 2005; White et al., 2007).

This technology combines continuous measuremenhefmaterial degree of compaction (Gomes Correia &
Quibel, 2000) with feedback from the vibratory druwhich enhances the equipment with the capabidity
adjust the applied compaction energy dependinchermteasured material conditions. These featurebased

on a roller integrated system (Adam & Brandl, 2003yluding components such as accelerometersibasure
drum vibration, onboard electronics that record pratess sensor output and material stiffnesscieted with
linkage elements to the machine controls that afforvcompaction effort adjustment according to nueed
stiffness, GPS system to record machine locatiehlacal storage or wireless communication systendéda
transfer (Adam, 2007; Rinehart & Mooney, 2008).a8Asonsequence, the equipment gains the abilitggolate

its vibratory intensity automatically and in reimhg, in function of the current measured degreeoafipaction of
the material, thus being able to increase compagitort in areas that have not yet reached theifspe target
value, while preventing overcompaction (Brandl, P00f areas that have achieved or exceeded thigeval
(Anderegg & Kaufmann, 2004). This leads not onlyato increase in the foundation quality, but alsahi
subsequent improvement of the pavement long-termioqmeance, as a direct consequence of superior
compaction uniformity and quality on the foundatidfurthermore, both an increase in productivity and
reduction of costs during the compaction processalso associated with this technology (Hildebra@05).

With the aim of assessing the advantages and distalyes of this IC technology compared with the
conventional one, this paper begins with the dpton of the demonstration project carried outtfat purpose,
including two types of geomaterials, available cantpn equipments and construction planning. Comipac
efficiency of the compactors on both soil-rockfitlixture and soil materials with different thicknessused in
the experimental sections is analysed throughraiffiemonitoring devices and the conclusions arsepred.

2. Demonstration project

The current demonstration project was preparedragé construction site in Alijo, Portugal. Thettssction
area was 9x160 metres and consisted of three l18n@gters each, with different layer thicknességded in
sections with 40m of length, and two type of maitisri(soil-rockfill mixture and a sandy soil), aspiged in
Figures 3 and 4. In the soil-rockfill section, thdkicknesses of 0,55, 0,75 and 1,00m were testeeriog the
tolerable range suggested by the Guide to Earthvankstruction (GTR) (SETRA & LCPC, 1992). The soll
section was prepared with 0,45m thickness, alstoviiig the recommendation of the same guide. The
foundation material is a residual soil of granitdene singularity zones of low and high stiffnessreve
constructed. These singularities aim to evaluate I technology is able to detect them and charigeation
parameters to achieve an efficient compaction doheof the layer thicknesses.

2.1.Materials

As previously referred, two types of material wesed in the IC demonstration project: soil and ikrsackfill
mix. The soil-rockfill mix excavated from the consttion site was used in the first phase of thggatowhich,
according to the GTR regulation was classified &By material, since 60-80% of it is comprised in thBQ
mm fraction as a B type material. The referred 0¥B fraction consists of less than 12% of partiahésrior to
80 um, as well as more than 70% of particles inofdn 2 mm. Simultaneously, the methylene blue eddu this
material is between 0,1 and 0,2, concluding thatl#b0 mm fraction of the soil-rockfill mix materia, in fact,
a B; (Fig. 1a).

As far as the soil material is concerned, it fallsder a B material, designated as a fines-poor sand soll
according to the GTR standards, and its maximumdensity and optimum moisture content are 1,94¥dy/c
and 9,6%, respectively, as obtained from the MedifProctor test results (Fig. 1b).
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Fig. 1. (a) grading curves of soil and soil-ridkfnixture; (b) modified Proctor test results

2.2.Equipment

The available compaction equipment for the dematistn project was a BOMAG BW 213 DH-4 BVC
(equipped with IC technology), with a load per urfittength (W/L) of 44,1 kg/cm and a maximum amyudi¢
(Ao) of 2,5 mm, and a regular Caterpillar model CSE8®ith a W/L of 62,3 kg/cm and /20f 1,8 mm.
Considering those characteristics, these rollenewtassified as compactor classes V4 and V5, otispéy,
according to the GTR, although this guide doesinodrporate the classification of rollers equippeith 1C
technology.

The available equipment fleet also included:
 Articulated A40 Dumpers for transportation;
» Bulldozer D8 for material spreading;

» Cat 14H for layer surface levelling; and

» Water truck to moisten the layer.

Regarding compaction control, the available equipmfeatured Falling Weight Deflectometer (FWD) aatdtic
plate loading test (SPLT) equipment. Furthermarpographical reference plates were used to cosgttiement
throughout the compaction process in the case ibfakfill layers, while nuclear moisture densigjauge was
used to verify the degree of compaction and waiatents in the case of the soil layer.

2.3.Foundation evaluation and layer construction

The demonstration project began with the charamBan of the foundation, consisting ofsitu soil-rockfill
material. This material falls under the same GTas€lused in the construction of the soil-rockéijdrs. The
evaluation of the foundation included measuremeatdses with the IC compactor, as well as SPLT on 9
locations and FWD measurements throughout the heoigthe test section’s area. Some of these measumts
(Fig. 2a) are adapted from Gomes Correia & Magredii?) and are discussed further on. The SPLT and IC
results were also used in this phase to attempstablish a correlation between both measuremettios
having achieved a good correlation factof &ound 0,84) within the obtained value range (Eiy.
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Fig. 2. (a) IC measurement passes, FWD and SPiultseon the foundation lane (adapted from Gomese@o& Magnan,
2012); (b) correlation between the SPLT resultsthedC measurements on the foundation

The next phase consisted of the excavation of lemdor the preparation of the foundation’s singtiés. The
materials used to fulfill this purpose were uncooipd soil and concrete for the low and high stéfe
singularities, respectively.

The construction of the soil-rockfill mixture laystarted with the spreading of the material, begitinmind that

the test section area included three differentdamkich would be compacted by three different tedies
(Conventional Compaction — CC; Intelligent Compaieti- IC; and Continuous Compaction Control — CG(S),
shown in Figure 3. Note that rollers equipped withtechnology have the option of turning the autticna
adjustment of the vibratory parameters off, thusrkivy as a regular roller equipped with continuous
measurement of material stiffness (CCC) technoldgye compaction process included FWD measurements
every 2 roller passes, as well as topographicareete plate measurements on every pass, for eaehThe
process was accomplished carrying out static pete tests on the 9 previously selected pointshenldyer (6

on the soil-rockfill layers and 3 on the soil layeas well FWD measurements throughout the len§thetest
section.

As far as the soil layer was concerned (Fig. 4),same compaction methodology was used to achievénal
target values (degree of compaction), in this cddained by nuclear moisture density gauge testsye passes
of the compactor.
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3. Results and discussion

In this Chapter, the outcome obtained from the destration project measurements and tests are pegséor
both the soil-rockfill and soil layers, as well agdiscussion of the results. Throughout the saikfith layer
section, the settlements obtained by topographefakence plate measurements are analysed, follimyete
results and discussion associated with the FWD wneasents. The correlation between the SPLT values a
those originated from the IC technology measureméntalso presented in this section. Regardingstik
section, the first analysis corresponds to the i of the degree of compaction measured withrihelear
density gauge (using the Modified Proctor as aregfee) as a function of the number of roller pasiaiowed
by the analysis of the deflection values obtaingdh®e FWD measurements. In the end of each sedtien,
verified in-situ effectiveness of the equipmentalaifpty to detect the foundation singularities @ibddower and
higher stiffness singularities) in each case i® alscussed. Note that these measurement pasdesheiiC
roller are performed using the technology in “mdhuaode (CCC), so as to guarantee constant vilbmatio
parameters, thus resulting in an effective measen¢@t constant depths.

3.1.Soil-rockfill layers

In what concerns the soil-rockfill mixture layerBijgure 2a shows the variation of the obtained tesul
characteristic of highly heterogeneous materialshsas soil-rockfill mixtures. Note that, even thbuthe
deformability values obtained from the IC measunetmasses (Evib) and the SPLT,fEcannot be directly
compared, Figure 2a reflects the initial conditiofshe foundation, as well as the good overaltaation of the
obtained values. Only 2 out of 9 SPLT results aesg@nted in the figure, since these measuremenisspond
to the ones carried out on lane 2 of the experiaiesgction.

According to the GTR, the compaction of the soikfil layers should be carried out in 4 (doubl&spes using
high vibration amplitude, in order to guarantee pantion on the full depth of the material layensd 2 final
passes using low amplitude, in order to finalizenpaction on the top layers. Furthermore, the GTRparction
tables do not include information regarding rolleguipped with IC technology, thus being limitedraditional
compactors. In this context, even though the abkEl&C technology roller was equivalent to a V4@ding to
the GTR (ignoring its IC features), the developmdifications indicated that it could achieve higbempaction
energy than traditional V4 rollers, as a resulthed association of the roller vibration charactarswith IC
technology. As such, this comparison was also takenaccount throughout the project.

The analysis of the evolution of layer settlemeithwhe number of passages of both rollers (Fij.sbaws that,
even though the IC technology V4 compactor showsalaove average performance in the first few passes
(especially comparing to a regular V4, as usedainel3), the conventional V5 compactor obtains figbdst
settlement values when compared to the IC and @Clihblogies for soil-rockfill mixes. This may bepéained

by the fact that the CC compactor has a superieratimg class (V5) when compared to the IC compdtd).

In other words, for this type of material, the asated W/L of the compactor, associated with theespondent
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drum vibration characteristics, seems to be a tkecfactor regarding the maximum compactive effortvhich
the material is subjected and therefore the maxirsettiement values.
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Fig. 5. (a) settlement measurements for the 0,58ikrockfill layer; (b) FWD deflection measurentemon the 0,55 m soil-
rockfill layer

Nonetheless, bearing in mind the example of therd@éhed results from the FWD measurements, predénte
Figure 5b in terms of the inverse of deflectiorD@Y so as to be proportional to the deformabilitydulus, it is
possible to evaluate the energy gain inherent téeBBnology, as in the first passes there is a s@mificant
increase in stiffness, which increases slowly ftben on, as opposed to CC (lane 1), which appgresquired
4 passes to achieve the material stiffness peate that the CC technology, correspondent to lamedformed
4 passes on high amplitudes to maximize the efféatepth compaction and 2 passes on low amplittdes
finalize the surface compaction process. Furtheemitris even noticeable in the 0,55 m thick latfeat the
material in lane 1, corresponding to the V5 ro{leC), presents an decrease in stiffness, possily r@sult of
overcompaction of the material, while such effecesh’'t occur with the IC technology for lane 2.idt
noteworthy that the lack of FWD measurements bettogecompaction process had been initiated (0 passes
due to the inexistence of operational conditions ttee execution of the test, as a result of sugpetfi
irregularities and stability presented by the matdrefore compaction.

Considering that the highest obtained stiffnessesmwere achieved by the IC technology roller nel&, these
results may not seems consistent with the onesdieggathe total settlement results previously désad. One
interpretation for this is related to the possipitihat, for the 1,00 m and 0,75 m layers, thed€hnhology can
only compact the layer to a certain limited depibiig unable to compact the whole depth of ther)ayes
opposed to the V5 CC roller, which is capable ahsmitting enough compactive effort to compact igrea
depths. However, the fact that the roller in lanis 2quipped with IC technology can lead to a neffective
compaction within the more shallow depths evaludtgdhe FWD measurements, resulting in higher rater
stiffness values. Thus, while the CC roller mayagbbetter results in terms of layer settlements tduts ability
to compact greater depths, the FWD measurementgésdicate that the IC roller achieves the besults in
terms of shallow material stiffness, even though ribsults obtained in first case (CC in lane 1) lemd to a
better performance of the layer throughout its lifgcle. Additionally, as the results presented lese
measurements are the average value of severa) teathiding those done on the high and low stiffnes
singularity positions, the standard error for epahnt has also been included.

Using the E, values originated from the SPLT carried out onwmaopoints of the soil-rockfill layers, a
correlation with the IC technology measurements wakablished (Fig. 6a), achieving a good adjustment
between both measurements @ approximately 0,81) on the current value rarggnecially considering the
use of in-situ values. One extra SPLT test wasieshiwut in order to evaluate the homogeneity of gaction
throughout the layer. However, the wide range dfies obtained by both measurement methods seem to
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indicate that the initial objective to achieve ghest as possible homogeneity regarding layer cotigpawas
not achieved. In order to assess the cause behisd¢tcurrence, the evolution of the relation betwéehe
average k&, values of layer modulus (Ec) and the foundatiordahes (Ef) with the different soil-rockfill layer
thicknesses was analysed (Fig. 6b). This comparismtributes with information on the obtained couotmm
level on each of the soil-rockfill layers (0,551@ m thickness) using the foundation as a refereAnalysis of
the results verify not only that the achieved degrbcompaction not as effective on the higherkimsses layer
(1,0 m) as on the lower thickness layers (0,55,7® 0n), but also that the IC roller obtained bett@mpaction
results within its measured/compacted depth (hagicigjeved a minimum value of approximately 0,9 tof t
foundation stiffness, whereas the CC roller showsramum of approximately 0,8 of the foundatiorffegss).

Additionally, it is relevant to refer that, shoubthe have previously determined a target deformghitlue, it
becomes possible to input this information to tGeadller, allowing it to convey only the necessapmpaction
effort to the material so as to achieve the tavgkie. This option may allow the saving of immemns&unts of
time during construction, seeing how it can potdhtireduce the required number of passes, whiteewently
assuring the uniformity of the stiffness throughdbte layer, eliminating the risk of both under and
overcompaction, assuming that the roller has tleessary compaction energy potential.
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Fig. 6. (a) correlation between the SPLT resuit the IC measurements on the soikfill layers; (b) evolution of the lay
modulus (Ec) / foundation modulus (Ef) ratio wittetdifferent soil-rockfill layer thicknesses

As far as the capability to detect the singulasatgas on the foundation by the IC technology thinougy the

compaction process is concerned, the following @ute was observed (Fig. 7):

» The high heterogeneity inherent to soil-rockfill xtures represents an inconvenience regarding the
identification of each specific singularity builsh @he foundation, since punctual increases on thev&lue
may indicate the presence of a higher stiffnessi@he (rockfill) below the layer surface. Nevertlsslethese
areas seem to be identifiable on the 0,55 and @, &yers;

» The IC roller did not seem to be able to give aaclandication of the presence of the singularitids
uncompacted soil and concrete on the foundaticheofl,0 m thick layer, indicating that this thicksamight
be beyond the detection capabilities of the avhglafa class IC roller; and

» Comparing the final compaction measurements wighnleasured foundation conditions (Fig. 2a), itiésic
that the efficiency and homogeneity of compactidrihe IC roller is higher on the 0,55 and 0,75 rickh
layers, having also achieved the minimum targetpamtion values on all areas within these layersvéier,
the 1,0 m layer shows considerably inferior comipacvalues, as well as the inability to recover liner
stiffness measured in the same area (between thed®020 m markers) on the foundation, thus intliga
drop of efficiency on this layer, which is consisgtevith previous conclusions.
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3.2.Soil layer

Considering the soil layer, the IC roller equippéth automatic adjustment technology clearly achi&the best
results regarding the final degree of compactiach @mpaction efficiency (Fig. 8a), when compare€ and

CCC technologies, which is reflected not only oe thyer degree of compaction but also in the FW§llte
(Fig. 8b).
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Fig. 8. (a) degree of compaction on the soil layéth indication of water contents; (b) FWD tessults on the soil layer

It is to be emphasized that IC technology (in I&heén the soil material has a continuous effecteepaction
without overcompaction risks. In fact, the layeg®e of compaction is either rising or constanttighout all
the 6 passes, having significantly increased maimlthe first 2 passes, followed by a gradual iaseein the
remaining passes. During compaction, the IC equitniedicated that target compaction values had been
achieved after 3 passes. Similarly to the proceed on the previously discussed material, the cotigraof the
soil layer was carried out by 4 passes on high dndgs (low frequencies) and 2 passes on low autjgi,
which may explain the significant increase on tegrde of compaction detected on the last 2 passesé 3,
especially considering these results corresponchuclear density gauge measurements (0,30 m depth).

Regarding the water content, evidence is provided, ton average, its value is approximately 1% Wwetloe
optimum water content (9.6%).
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When analysing the evolution of the inverse ofdkélection (1/D2) with the number of passages (Bl, it is
found that technologies CC and CCC appear to adgh a maximum value of material stiffness at titb & 6
passes. The stiffness increase measured by the iBVE@nificant in the 2 final passes of these tethgies,
which correspond to low amplitude (thus high freggy® compaction with the aim of completing the aadf
layers compaction process. Considering the preljodiscussed results regarding the nuclear dengtyge
measurements, IC technology was referred as hadhiggved better final results, reaching the maxindegree

of compaction in the second passage and incregsadyally in the following passes, which is coreistwith
these FWD results.

Considering the high homogeneity of compaction iole in the soil layer (Fig. 9), it was not possilib

accomplish a correlation between thg, Ealues measured from the IC equipment and thev&ues resulting
from the 3 remaining SPLT tests. However, thg/E,, ratio was determined to be approximately 0,96&é&45

to 55 MPa range.

Finally, regarding the IC technology’s capabilitfydetecting the foundation singularities, one aafleri that on
the early passes both singularities are easiltiitkdrie by the IC roller. However, by the end bétcompaction
process, only the singularity corresponding todblcrete material is visible in the roller outpthis indicates
that, in the case of the soil layer, the roller whte to compact the lower stiffness singularityichihconsisted of
uncompacted soil present on the layer foundatiana Aonsequence, the final results show a goodraniify of

the compaction achieved throughout the test sectiea, as depicted in Figure 9, in which the oabposition

of the high and low stiffness singularities is asé@wn at 10 and 30 m, respectively.
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Fig. 9. IC measurements on the soll layer, withaation ot the original position ot the high armavi stiffness singularities

4. Conclusions

The study concerning IC technology provides evigetiat it offers technical and economic advantagedke
optimization of the compaction process when congh&rehe conventional compaction method.

Recalling the demonstration project it may be codet that the V4 roller BOMAG 213 may have lackied t
necessary compaction energy to achieve the besttsa®ggarding the degree of compaction (assesyed b
settlement measurement) in the higher thicknessrdagdopted for the soil-rockfill mixture when ccangd to
the performance of the higher W/L CC roller (V5)owkver, evidence indicates that, for the thickragsrs
compatible with both compactor classes V4 (IC) ¥bdthe performance of both rollers can be similar.

Nevertheless, it appears that in terms of gettirmximum stiffness with minimum number of passes Itbe
technology can achieve equivalent or even highaultg particularly with regards to the compactigficiency
related to the low number of passes needed to\altie highest possible stiffness. In fact, contiae to the
results concerning the soil-rockfill mixture layetise IC cylinder was found to achieve better rissul the soil
layer both regarding the maximum compaction obthiaed compaction efficiency. Furthermore, it isdevit
that, as far as the soil layer is concerned, thellér had the ability to compact and resolve gheblematic area
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consisting of low stiffness material (uncompacted) £xistent on the layer foundation, achievingignificant
homogeneity in terms of degree of compaction aifithess at the end of the compaction process.

In addition, during the demonstration project itsM@und that the IC roller is a very effective measy
instrument in the context of quality control, hayinot only the ability to assess the stiffness @@k of large
areas in a very short time, but also the capahiitidentify and pinpoint potential problematic ase especially
regarding the results obtained in the soil layer.

Acknowledgements

The authors wish to thank FCT for the financial ma (PEst-OE/ECI/UI4047/2011; SFRH/BD/71501/2010),
as well Mota Engil, S.A. and particularly to Engiit Gomes for providing all the field facilities.

References

Adam, D. (2007). Roller integrated continuous coatipa control (CCC) technical contractual proviso&
recommendations. In A. Gomes Correia, Y. Momoydh.&atsuoka (Eds.Pesign and Construction of
Pavements and Rail Tracks: Geotechnical AspectsPandessed Material§pp. 111-138). London, UK:
Taylor & Francis Group.

Adam, D., & Brandl, H. (2003). Sophisticated rolietegrated continuous compaction controlPhoceedings of
the 12th Asian Regional Conference on Soil Mechsaaimd Geotechnical Engineering - Geotechnical
Infrastructure for the New MilleniunSingapore.

Anderegg, R., & Kaufmann, K. (2004). Intelligentngpaction with vibratory rollers - feedback contsgstems
in automatic compaction and compaction contdolurnal of the Transportation Research Boal@4—
134.

Brandl, H. (2001). The importance of optimum comjmac of soil and other granular materials. In A. s
Correia & H. Brandl (Eds.)Geotechnics for Roads, Rail Tracks and Earth Stmest (pp. 3-12).
Balkema.

Camargo, F., Larsen, B., Chabourn, B., Roberson,&RSiekmeier, J. (2006). Intelligent Compaction: A
Minnesota Case History. IRProceedings of the 54th Annual University of MirotasGeotechnical
ConferenceMinneapolis, USA.

Forssblad, L. (1980). Compaction meter on vibratisiters for improved compaction control. Rroceedings of
the International Conference on Compact{pp. 541-546). Paris, France.

Gomes Correia, A., & Magnan, J. (2012). Trends emallenges in earthworks for transportation infuacstures.
In Advances in Transportation Geotechnicgf. 1-12). Taylor & Francis Group.

Gomes Correia, A., & Quibel, A. (Eds.). (200Qpmpaction of Soils and Granular MateriaRresse Nationale
des Ponts et des Chaussées.

Hildebrandt, P. (2005). Compaction: Continuing depements may bring more sophistication in monitgramd
testing your compaction resultrading & Excavation Contractor

Petersen, L. (2005)Continuous compaction control MNnROAD demonstratidiechnical Report for the
Minnesota Department of Transportation (Mn/DOT)nk&apolis, USA.

Rinehart, R. V., & Mooney, M. a. (2008). Instrumeticn of a roller compactor to monitor vibrationhlgior
during earthwork compactioAutomation in Constructigri7(2), 144-150.

SETRA, & LCPC. (1992). Guide des TerrassementsiBi@ut Réalisation des remblais e des couchesrdefo
Paris, France: Laboratoire Central des Ponts eti€dess.

Thurner, H., & Sandstrom, A. (1980). A new device for instant compaction control. Rroceedings of
International Conference on Compactifpp. 611-614). Paris, France.

White, D. J., Thompson, M. J., & Vennapusa, P. K.(B007).Field Validation of Intelligent Compaction
Monitoring Technology for Unbound MaterialEnvironmental EngineeringTechnical Report for the
Minnesota Department of Transportation (Mn/DOT)nkkapolis, USA.



