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ABSTRACT

DOTD conducted a demonstration project to evaluate intelligent compaction (IC). The
project developed specifications, which allowed and incorporated the IC rollers on the
project. The specification went through the competitive bidding process and produced a
wide range of cost numbers. The item for the soil roller had a range of bids from $15,000 to
$95,000. The item for the asphalt roller had a range in bids from $7,000 to $100,000. The
range may be attributed to the lack of knowledge and familiarity within Louisiana regarding
the intelligent compaction technology. This project sought to increase the knowledge base of
IC in Louisiana.

DOTD/LTRC hosted a showcase on the pilot project, which provided presentations from
researchers, FHWA, and manufacturers. The showcase highlighted the US 90 Frontage
Roads project, which collected both soil and asphalt data with two different rollers. The
project was well attended and well received.

Manufacturer equipment and software training/support are critical to the success of an IC
project, which includes good communication throughout. In this case, the contractor had
relationships with each roller manufacturer, and LTRC was able to interact with roller and
manufacturer. Initial setup of roller and GPS connections was a challenge with both project
rollers, as LTRC local roller representatives and the contractor were generally learning about
the details of the technology for the first time. National roller representatives were helpful,
but could not be on site at all times. The contractor’s survey staff became proficient in the
two systems; and needed GPS knowledge; capable, accurate, and reliable GPS equipment; as
well as the ability to connect properly and effectively with the rollers’ on-board software.

The contractor can realize some advantages through the utilization of the rollers. Operators
can adjust patterns and time based on real-time reactions/display, and the roller display can
show and track coverage, passes, and compaction effort (measurement values) hopefully
speeding production and assisting with quality control. Weak areas can be visually identified

on the roller’s real-time screen through installed software for rework.

Through the use of the IC technology, by the contractor, the Department can also realize
some advantages. The rollers continuous coverage records (vs. point tests at roughly 1000-ft.
spacing) can speed construction with contractor’s use (appropriate passes/energy). The
technology promotes consistent and uniform pavement layers, which can be visually verified

by the roller real-time screen. With further research study, this technology could possibly
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provide a quality assurance tool, and an alternative/replacement for the nuclear density
gauge.

The new IC technology will hopefully benefit the contracting community the most. The
rollers can speed up the compaction process by focusing efforts where needed to control
uniformity. The technology is still new and not mainstream yet, though its advantages are
many, including consistency of coverage, digital documentation of efforts, visual
representation of roller movements, possible alternative to nuclear density gauges, and
provide stiffness measurements with GPS location position.

The recommendations include (1) recommend that the contracting community examine and
evaluate the benefits of each IC roller system, and hopefully utilize a system to increase
confidence, consistency, quality, and efficiency in production; (2) continue to promote the
technology to the contracting community will help spread knowledge regarding these
systems and the potential benefits they offer; (3) reevaluate the specification in the future as
the technology becomes more mainstream; and (4) delay implementing quality assurance and
acceptance standards via DOTD through the use of these rollers in Louisiana, but consider
additional projects and presentations to increase knowledge within the contracting
community.
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IMPLEMENTATION STATEMENT

One goal of this research was to examine the technology and its utilization within the DOTD.
Proper, uniform, and consistent compaction, while reducing project delays are key benefits of
this technology. Another goal in this project was to utilize the rollers to shadow the normal
data collection process throughout a test section. National involvement and research results
(collected on soil and asphalt) were used to help develop draft specifications and proposal to
demonstrate the IC technology on a Louisiana highway test site. Two specifications were
created (soil measurement pass and asphalt construction pass) and used for a demonstration
project on US 90 frontage roads (New Iberia).

An Intelligent Compaction Showcase was held in 06/04/13, at the research project
demonstration site to promote the research and technology. PowerPoint and field
presentations were conducted as part of the showcase. The research is also being shared with
SHRP2 partners for use in their study: “Performance Specifications for Rapid Renewal
(RO7).”

An Every Day Counts (EDC) Exchange for Local and Tribal Agencies on Intelligent
Compaction was held on April 3, 2014, and attended by the Project Review Committee and
local contractors. The IC technology was discussed via national presentations, the demo
project reviewed by the researcher, and the next steps reviewed and evaluated by all.

Developed over recent years, IC technology has made great strides in combining old and new
technologies. Instrumentation, computer technology, and GPS have transformed the slow
roller into one of the smartest devices on a jobsite.

Roller Integrated Compaction Monitoring (RICM) systems are not presumed to be a silver
bullet or magic wand, but they can serve contractors and state departments of transportation
as a valuable tool in the toolbox. Desired densities or stiffness moduli will still be difficult to
achieve if the soil is too wet or dry, regardless of the compaction effort. Similarly, HMA
densities and moduli will be affected if the material is outside of the temperature
requirements. Moisture for soils and temperature for HMA must be at appropriate levels for
compaction to occur. The RICM systems do not adjust these parameters. Contractor means
and methods in these areas are still needed to sculpt a successful project.

The new technology will hopefully benefit contractors by speeding the compaction process
by focusing efforts where needed to control compaction uniformity. The IC technology is
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still new and not mainstream yet, though its potential advantages are many, including
consistency of coverage, digital documentation of efforts, visual representation of roller
movements, possible alternative to nuclear density gauges, and provide stiffness

measurements with location position.

The research recommendations are to promote the technology to the contracting community
to help them realize the potential benefits of adopting RICM and IC technology. The
recommendation to DOTD is not to implement the technology for acceptance criteria at this
time, though pursue future projects recommending the use of smart rollers by contractors to
help push and advance knowledge about the IC technology and its potential benefits.

Viii



TABLE OF CONTENTS

ABSTRACT ...ttt e e e et e e et e e e etaeeeeteeeeeaeeeeteeeeaaeeeeareeenns iii
ACKNOWLEDGMENTS ...ttt ettt e e e e e e et e e tae e e eaaeeeeaneeenns \%
IMPLEMENTATION STATEMENT .....ooovoiiiiiiiee ettt vii
TABLE OF CONTENTS ...ttt ettt et eeav e e eta e e s tae e sneeesnnaae e X
LIST OF TABLES ...ttt et ettt et e st e e e aa e e e ve e e saaeeesareeenaneas xiii
LIST OF FIGURES ...t e e ettt e e e e e et aaeeeeaeens Xvii
INTRODUCTION ..ottt ettt e e e et e e eaeeeeaeeeeaaeeeeaseeeeaneeenns 1
BacKkground..........oouiiiiiiieiecee e 2
LItErature REVIEW.....ccoiuiiiiiieiiiie ettt et e et e e e e ra e e e e e ataeeeeaes 4
Theoretical Background.............cccuieiiiiiiiiiiiiiieieece ettt 9

IC Roller ManUfACIUIETS ........ccoueieiiieeciieeciee ettt etee e et e e et e s e e ereeeereeeeaneeens 11
Significance of Research / Implementation Potential.............ccccovvievinniniiniiicnienen. 15
OBIECTIVE ..ottt e e e e e e e eab e e e e e e e e e sesnsaaaeaeeaeeenanns 17
SCOPE ... ettt e et e e et e e et e et e et e e et e e et e e e e e e earens 19
METHODOLOGY ..ottt ettt e e ettt e e e eaae e e etaeeeaaeeeaeeeeateeeesaeeeesseeenns 21
SIEE SCLECTION ...ttt e e e ta e e e e e e e e e e e earaeeeeenaaeeeeennns 21

Roller and Project SpecifiCations..........ccveecuierieiiiieiieeiieriie et 21

ROIIET SEIECHION......eiiiiiiiiiie ettt e e e e et e e eaaeaaean 21

Data Collection PIan .............coouiiiiiiiiiiiccie et 21

Layers for RICM........ccoiiiiiiiieieeiece ettt ettt 22

Coordination ACHIVITICS ......cccuveeeeeiiiieeeeiieee e ettt e eeeee e e e et e e eeetreeeeeerreeeeeanees 22

Laboratory and Field TeSting.........c.ceeieriiiiiiiiiiienieeiiee e 22

SOOI TS .uveieieitiie ettt e et e e et e e e ette e e e eeate e e e eataeeeeenaraeaeas 23

Data ANALYSIS ....vviieiiieeiiiecee e e e e e nee s 30
DISCUSSION OF RESULTS ...ttt ettt et eva e e eaveeeeasee e 31
SPECTIICALIONS ...ttt ettt e et e et e e et e e s naeeessbeesasseeensbeeensseeenneas 31

ST SEIECTION ...eiiuvviieiiieciie ettt e et e et e et e e e ta e e eaaeeeeaaee e nseeeaneeennnas 32

Bid Process/CONIIACIOT ........ccuvieieeeiiiee ettt eeete e et e et e e e eeaaee e e eeaaee s 34

Bid INfOrmation...........ccooviiiiiiiiiiiicciee e et 34

S0il ROIIET SEIECHION ....oeeiiiiiiiieiiee e e e 36
MaANUTACKUTT ... et e et e e e e atae e e e eaaeeeeennes 36

Soil Roller Model Information...............ccueeevuieeeiiieeeiie e 36

VisionLinkK SOftWAre.........cccveiiiiiiiiiiecie e 38

Subgrade and Base Course MDP results ..........cccevvieiiienieiiienieeiieieeieeee. 42

SOOI PTOPEITIES ..ottt ettt ettt aae e e 46

ix



IMIDP RESUILS ..ottt ettt e e e et e e e e e e e e ee e e e e e e e e e e e e e e e e eeereeereeeeeeaeaaeees 48

LTRC Field Sampling and TeStING ........cccevueeiiiiriieiieiie ettt 59
LTRC TEStS 1N ZONE 7ottt ettt sttt sttt sttt et sie bt st sie et este b enees 60
Zone 7 Field Test RESUILS ......ccviiiiiiiciiececceeee e 60
Dynamic Cone Penetrometer ...........coceveerieieriineiiienienieeieeiesie e 61
LTRC TeSts 1N ZONE 12....eiiiiiiiiiiieee ettt ettt ettt st 66
Zone 12 Field Test RESUILS ....coc.eiiiiiiiiiiiiie e 66
Dynamic Cone Penetration ............ccceoeeeiieiiienieeniieniecieeeee e esee e seeeesreeseeeeenees 68
FWD and Dynaflect REeSULLS ........cccueviiieiiiiiieieciece et 72
LTRC TeSts N ZONE 15.....ciiiiieiiiiiiiieeiteetee ettt sttt st 75
Field Molded Samples ........cccueeiiiiiiieiieeiieie et 75
Field Density and GeoGauge Tests......cceeoueriireriieriineeieneeieeeenieee e 76
Dynamic Cone Penetrometer ...........coceveerieierieneiiiinieniieieeteseeeeeeie e 78
FWD and Dynaflect REeSUILS ........cccouieiiiiiiiiieeiieeee et 82
LTRC TeSts 1 ZONE 20......eeiuiiaiiiiiiieiieeie ettt ettt ettt ettt et esabe e bt e easeeee 86
Field Molded Samples ........cccuveeuiieiieiieeiieie ettt 86
Field Density and GeoGauge TesStS.......cccuieriiriiierieeiieiieeie e eveeeeeeve e 87
Dynamic Cone Penetrometer ...........cooueeriieiiienieeiieiie ettt et see e 88
FWD and Dynaflect RESULLS ........cccoeeiuiiiiieiiiiecieee et 90
Resilient Modulus Test RESUILS .........cccueeeiiiieeiiieciiieciie e 92
LTRC TEStS 1N ZONE 29.....ueviieiiie ettt etee e ste e e eesaaeeeaaeeesaeesssaeessseeesssaeanns 93
Field Molded SamPles ........eeeeiieeiiieeiieeciee ettt e e e seve e eareeen 93
Field Density and GeoGauge TesStS.......cccuieriiriiierieeiieiieeie e eveeeeeeve e 94
Dynamic Cone Penetrometer...........cccveriieiiierieeiiienieeieeeee et esee e seee e e seeeennees 97
FWD and Dynaflect RESULLS ........cccueeriiiiiieiiiiieieeeeee e 101
Results of Plate Load Tests (PLTS) ..cccuviiiiiiiiiiicciie e 105
Plate Load TeStS...ccuiiiiiieeiiieeciiie ettt ettt e e e e e v e e eaneeeneeas 105
Pressure CelIS......oooiiiiiiieeiii ettt e e e e e e as 110
Subgrade and Base Course Project Challenges ...........ccceeeviieeiieeeiiieeniieeeieeens 114
Automated Machine GUIAANCE ..........c.eeeueiiiiiiiiiniieiieie e 115
Asphalt ROIIEr SELECION .....ccueiiiiiiiieiiecie ettt et eseaeeraens 116
IMANUTACTUTET ...ttt ettt s 116
Asphalt Roller Model Information.............cc.ccoeeieeiienieniiienieeieesie e 116
Software and Compaction Measurement Value (CMV)........cccccovvievciiinieeneennen. 119
Network Connection and SOftWare...........ccovveeeiiieiiiiieciie e 119
MIXTUTE DIESIZN ...ttt ettt ettt et sttt et s 120

MIXEUTE ANALYSIS...uviieeiiiieiiieeciee et ettt e e et e e et e e e e e ebee e saeeenseeenseesneeas 121



0] YT 0] 1 [ ST 125

ASPhalt ROHEN DAta.........coveiiiiiiiieiice e e e 127

TeChNOIOQY THANSTEI ...t sbe e 132
Intelligent Compaction SHOWCASE............cccveiiiieiiieceece e 132

Every Day Counts INILIAtIVE.........c.ccveiiiieiiece e 132

State and Regional CONTEIENCES .........cccevverieiieieee e 132

SUMMARY AND CONCLUSIONS ..ottt 133
RECOMMENDATIONS ...ttt et e et e e et e e e e e e aseeeensaeennneeennes 137
ACRONYMS, ABBREVIATIONS, AND SYMBOLS. ........ccoiie e 139
REFERENGCES ...ttt e et e e e bt e e e be e e et e e e enre e e nnae e e e 141
APPENDIX A e a e e nrres 145
APPENDIX B ..ottt bbbttt b bbbt n et b et bbb ne e 157
APPENDIX € ..ttt bttt bbbt bbbt n ettt bbb n e ne e 159
APPENDIX D ..ttt b bbbttt bbb bbb 167
APPENDIX E ..ottt bbbttt bbb bbb 171
F N e A1 I RSP 187
N o = N 5 I G PSS 202
APPENDIX H oot e et e e e e nnees 336

Xi






Table 1
Table 2
Table 3
Table 4
Table 5
Table 6
Table 7
Table 8
Table 9
Table 10
Table 11
Table 12
Table 13
Table 14

Table 15
Table 16
Table 17
Table 18
Table 19
Table 20
Table 21
Table 22
Table 23
Table 24
Table 25
Table 26
Table 27
Table 28
Table 29
Table 30
Table 31
Table 32
Table 33

LIST OF TABLES

Typical cross-section, State Project #424-04-0053 .......ccoeeevieeiiieeniieeiee e, 34
Bid tabulation SUMMATY .........ccccieiiieiiieiieiiieneeeie et eie et eaeesaeeeaeesseeeebeens 35
MDP roller specifications (from CAT).......cceeveeciierieeiiienieeieesie e 37
Layers to measure with RICM 10ller .........cccocviiiiiiiiiiiiieiieiecee e 42
Zones for project earthwork, State Project H.002890 ..........ccceevvieviieiiiinireieenee. 43
Existing subgrade soil properties (design samples).........cceeeceeevieriiienienieeneennenns 46
Existing soil for cement treated subgrade (construction samples) ...........cc...e....... 47
Hauled in soil for cement stabilized base course (construction samples).............. 47
District 03 Laboratory nuclear gauge acceptance testing..........cceeeveevveerveerieennnenns 53
MDP soil roller activity — VISIONLANK .......cccoviiiiieriiiiiieiecieeeecie e 54
Soil roller MDP VEDA SUMMATY......ccc.coiiiiiiiiieiiieiieeie et eee e seve e sae e 56
District 03 Laboratory subgrade and base course compaction results................... 58
Zone 7 LTRC nuclear gauge results (miX day).......ccoceeveevuerienennenieneeneeieneenn 61
Zone 7 UCS 7-day break results of field mixed samples — cement treated

] Lo o4 ¢ e [T 61
Zone 7 DCPI results, cement treated subgrade...........ccccvveeeciieiicieeniiieeciee e, 63
FWD and Dynaflect teSting loZ .......cc.cevuieriieiiieniieiieeie ettt 64
Zone 7 FWD results, raw subgrade (Unmixed)..........ccceeeeveerieecieenieeniienieenieenneens 64
Zone 7 FWD results cement treated subgrade (mix day) .......ccceeevveviencieennennnene 65
Zone 7 FWD results, cement treated subgrade (7 days).......ccceecveeeienieeciienieennnne 65
Zone 7 Dynaflect results, raw subgrade (unmixed)...........cccceeveieenieeieenieniiennee 66
Zone 7 Dynaflect results, cement treated subgrade (mix day) ........ccccceveeeeveenneee 66
Zone 12 LTRC nuclear gauge, cement treated subgrade............cccoeeveeeeveernneennee. 67
Zone 12 LTRC nuclear gauge, cement stabilized base course ...........ccccveevnenneee. 67
Zone 12 GeoGauge results, cement stabilized base course ...........cceeveeeiveniennnnens 68
Zone 12 DCPI results, cement treated subgrade...........cocceevvieviieniieiienieeieeeens 70
Zone 12 DCPI results, cement stabilized base course ............ooevveeeeeeiuveeeeeiineeeeen, 71
Zone 12 FWD results, cement treated subgrade — 01/31/13......ccooieiieiiiiniennnns 72
Zone 12 FWD results, cement treated subgrade (mix day) ........cccceeveenieriieenneee 73
Zone 12 FWD results, cement treated subgrade (7 day).......cccccecvveevveeeceeenieeennne. 73
Zone 12 Dynaflect results, cement treated subgrade — 01/31/13.........cccvveenneeennee. 74
Zone 12 Dynaflect results, cement treated subgrade (mix day) ........ccccccveevuvennnnne 74
Zone 12 Dynaflect results, cement treated subgrade (7 day).......ccccevveeciieniiennnnnne 75

Zone 15 UCS 7-day break results of field mixed samples — cement treated
SUDZIAAC ...ttt ettt ettt et e st e bt e st e et e abeeaeesnbeenseas 76

Xiii



Table 34

Table 35
Table 36
Table 37
Table 38
Table 39
Table 40
Table 41
Table 42
Table 43
Table 44
Table 45
Table 46
Table 47
Table 48
Table 49
Table 50
Table 51
Table 52
Table 53
Table 54
Table 55
Table 56
Table 57
Table 58
Table 59
Table 60
Table 61
Table 62
Table 63
Table 64
Table 65
Table 66
Table 67
Table 68
Table 69

Xiv

Zone 15 UCS 7-day break results of field mixed samples — cement stabilized base

COUTSE .. ueeneteeutteiteeuteesite et e ettt e bt e sut e et e esbe e e abeesbe e e st e e saeeeabeesateeabeensteeabeesaeeenneenaeeeanees 76
Zone 15 LTRC nuclear gauge, cement treated subgrade (6 day) ..........cccceeuenneene. 77
Zone 15 LTRC nuclear gauge, cement stabilized base course ...........cccceeueevenene. 77
Zone 15 GeoGauge results, cement treated subgrade (mix day) ........ccccceveevennee 77
Zone 15 GeoGauge results, cement stabilized base course ..........ccoecveeeeveeennenee. 78
Zone 15 DCPI results, cement treated subgrade...........cccveevvieeiiieeiiieecieeeeeeee, 80
Zone 15 DCPI results, cement stabilized base COUISE .......uvvvveviiireeieeiiieeeeeeeieeenns 81
Zone 15 FWD results, cement treated subgrade (5 day)........ccceevveevieriieceennennen. 82
Zone 15 FWD results, cement treated subgrade (7 day).......cccceeevvevieniieieenneenen. 83
Zone 15 FWD results, cement treated subgrade (14 day)........cccoeeeieviveieenneennen. 84
Zone 15 Dynaflect results, cement treated subgrade (5 day)........cceveeviiinienncnns 85
Zone 15 Dynaflect results, cement treated subgrade (7 day)........ccoeveeviveneennne 86
Zone 20 UCS 7-day break results, cement stabilized base course............c.c.......... 87
Zone 20 LTRC nuclear gauge results, cement stabilized base course (mix day).. 87
Zone 20 GeoGauge results, cement stabilized base course (mix day)................... 87
Zone 20 DCPI results, cement treated subgrade............ccocvevvieviieniieiienieeiieeeens 89
Zone 20 DCPI results, cement stabilized base course .......cocovvvivveiiiiiiiiiiineieeeennn, 90
Zone 20 FWD results, cement treated subgrade (limited area) ..............cccceeueeneee. 90
Zone 20 FWD results, cement treated subgrade (mix day) ........ccccceeveeevieeiiiennens 91
Zone 20 FWD results cement treated subgrade (7 day)........ccoeeeeviieiieniiineennnens 91
Zone 20 Dynaflect results, cement treated subgrade (limited area) ...................... 92
Zone 20 Dynaflect results, cement treated subgrade (mix day) ........ccccccveevvvennnnne 92
Zone 29 UCS 7-day break results, cement treated subgrade...........cccceeevvverrennnnnne 94
Zone 29 UCS 7-day results, cement stabilized base course ..........cccoeceeevuvenveennnne 94
Zone 29 LTRC nuclear gauge results, cement treated subgrade ...........cccccevenneene. 95
Zone 29 LTRC nuclear gauge results, cement stabilized base course................... 95
Zone 29 GeoGauge results, cement treated subgrade..........cccccooeeverieniincencnnne. 96
Zone 29 GeoGauge results, cement stabilized base course ..........ccoccveeevveeennennee. 96
Zone 29 DCPI results, cement treated subgrade...........ccceeevvieeiiieeciieecieeeieeeee, 99
Zone 29 DCPI results, cement stabilized base COULSE ......uvvvvviviiiveeeiiiiieeeeeereeean, 101
Zone 29 FWD results, cement treated subgrade (mix day) .......ccccoceeeevverreennennne. 102
Zone 29 FWD results, cement treated subgrade (7 day)........ccoeevevieeiienieenenne. 103
Zone 29 Dynaflect results, cement treated subgrade (mix day) .........ccceecveenneeee. 104
Zone 29 Dynaflect results, cement treated subgrade (7 day)........ccceeeeeevienneennen. 105
Summary of PLT reSults ........cocuoviiiiiiiiiiiiiceceeeece e 109
Back-calculated resilient modulus of treated subgrade soil layer........................ 109



Table 70
Table 71
Table 72
Table 73
Table 74
Table 75
Table 76
Table 77
Table 78

Test summary — cement treated subgrade............coecveevieriiienieniiieniecieeeeeeeeen 113
Test summary — cement stabilized base COUISe .........ccceevuierieriienieiiieieeeeee, 113
Sakai SW 990 SPECTfiCAtIONS........eevuieriieiiieiieriieeieeeee ettt eee et e seeeseesaee e 117
JOb MIX FOIMIUIAS ....oociiiiiiiii e e e 121
Asphalt Binder Content ResSults...........cocevvuiiiiiiiiiniiniiiiiicecieeeeeeeeeeeen 122
Asphalt binder teSting reSUILS.........oeeiiiiiiiieciiece e e 124
Binder course roadway density r€POTt .........ccveeeruiieeiieeriieeeiie et eevee e 125
Wearing course roadway density rePOTt .......cccvierirerreerieeiieenieeeieesreereesieeeneennes 126
Asphalt roller CCV - VEDA SUMMATY .....cccccooiiiiieiienieeieenieeiee e enieeeveesree e 129

XV






Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12

Figure 13
Figure 14
Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22
Figure 23
Figure 24
Figure 25
Figure 26
Figure 27
Figure 28
Figure 29
Figure 30
Figure 31
Figure 32
Figure 33
Figure 34

LIST OF FIGURES

3-D illustration of roller compaction measurements and project alignment........ 4
Terrameter from BOMAG.........cocoiiiiiiiiiiiee e 6
Compactometer Value in CCC........cciiviiiiiiiiiieiiecie ettt 6
Intelligent Compaction System (from BOMAG)........ccccooeviinieninieneenecienne 7
Varying amplitude and frequency to optimize compaction (from BOMAG)...... 8
Soil reaction versus amplitudes for different passes ........cccceeveveevervineenennne 10
VARIOCONTROL single drum rollers (from BOMAG)........ccccceeecvveenveeennnen. 12
Principle of the Evib measurement system — BTM-E (from BOMAG)............. 12
Continuous Compaction Control, CCC-Concept (AMMANN, 2003)............... 13
Compactometer (from GEODYNAMIK)........cooooviiiiiiiniieeieeeeeeeee e 13
MDP illustration (from CAT).....ccveieouiieeiieeeee e 14
MDP Simplified two-dimensional free body diagram of stresses acting on a rigid
compaction drum (Mooney, White, et al.).......cccccoeriiiiiiiiiiiiiee e, 15
Dynamic cone penetrometer (DCP) .......cocoeiiiiiiiiiiniiiiiecceeee 23
Device influence depths (Mooney, White, et al.)........cccccveveiieicieencieeniieee. 25
Typical results from a RLT test......ccccvieiiiiiiiieeieeeieeeeeee e 26
Plate 10ad teSt SET-UP ....ueevieriieeiieeie ettt ettt te et e st e et e eaeebeeseneesaesasaens 27
Definition of elastic modulus from PLT ........cccooiiiiiiiiiiiiieeeceee 28
VICINIEY TNAP c.eveeitieeiiieiieeiie ettt ettt et eaeesteeteeesbeenseesabeeseeenseensaesnseeseaans 32
PrOJECT OVETVIEW ..cueiieiiieiie ettt ettt ettt ettt et e e e e saeenseeaea e 33
Caterpillar MDP TO1IET.....c...coiiiiiiiiiiiiinicicceecceeee e 36
Roller (a) pass screen, (b) Roller data screen...........ccceeeeveieniiiiiienieeiieieeee 37
CAT SNMO40 CONNECLIVILY ...uvvieieiieeeiieeeiieesiieeeteeerreeesveeesereeeeaeesareeseaeesnneeas 38
CAT VisionLink screenshot — annotated project boundaries...........c..ccvveenee... 39
CAT VisionLink SCIeenshots .........ccceveeiiirieniiiiieiieieeeseeeee e 40
CAT VisionLink screenshot — MDP compaction values ............cccceeevveeveenneenee. 40
CAT VisionLink screenshot — pass target screenshot ...........ccccceeeeveenieeiienienne. 41
CAT VisionLink screenshot — pass number example .........ccccecevvenenicnienenee. 41
Site map with Zones ShOWN .......cccooiiiiiiiiiiiicee e 44
Zone 12 QC data and NOLES ........cccuviiiieiiiiieeeieee e e 45
Veda point overlay of DCP data on MDP roller data...........cc.ccoevveecieennneennenn. 49
VEDA density vs. MDP correlation (eXample)..........ccccvevevieriieniienieniieenieenneans 50
VEDA Pass vs. MDP correlation (eXample) .......c..ccoveevvierieeniienieeeniienieeieeneeeans 50
Subgrade and base course maps — coverage vs. recorded MDP values ............. 57
Cement Spreading OPEration ...........cccveerueerieeiiierieeieeseeeieeseeeieesaeeseesseeeaeenens 59

XVii



Figure 35
Figure 36
Figure 37
Figure 38
Figure 39
Figure 40
Figure 41
Figure 42
Figure 43
Figure 44
Figure 45
Figure 46
Figure 47
Figure 48
Figure 49
Figure 50
Figure 51
Figure 52
Figure 53
Figure 54
Figure 55
Figure 56

Figure 57
Figure 58
Figure 59
Figure 60
Figure 61
Figure 62
Figure 63
Figure 64
Figure 65
Figure 66
Figure 67
Figure 68
Figure 69
Figure 70

XViii

Pressure sensor installation and sample collection............ccceceeevvieviencieeniiennnn, 60

Zone 7 cement treated subgrade (MixX day) ......cocceeviieiiieniiieiieiieeiece e 62
Zone 7 DCP curves, cement treated subgrade (6 day) ........cccceeeeeeeviiencieeniennnnns 62
Zone 12 DCP curves, cement treated subgrade (mix day) ......cc.ccoceeveevueniennenne 69
Zone 12 DCP curves, cement treated subgrade (7 day) .......cccceeerveveenienicnnnne 69
Zone 12 DCP curves, cement stabilized base course (mix day)..........ccccuveeneee. 70
Zone 12 DCP curves, cement stabilized base course (7 day).......ccccevveervveennenn. 71
Zone 15 DCP curves, cement treated subgrade (mix day) ........ccceevveecveeiieennnnns 79
Zone 15 DCP curves, cement treated subgrade (7 day) ......cccceeeeveeeiencieenieennnnns 79
Zone 15 DCP curves, cement stabilized base course (mix day)..........cceecveennnne 80
Zone 15 DCP curves, cement stabilized base course (7 day).......cccceevveerirennnnns 81
Zone 20 DCP curves, cement treated subgrade (mix day) ......cc.ccoceeveevueniennene 88
Zone 20 DCP curves, cement stabilized base course (mix day)..........cccecveeneenne 89
Zone 20 7-day and 28-day curing modulus data ............cccceevveeeiiieniieeeieeenen 93
Zone 29 DCP curves, cement treated subgrade (mix day).........cccceeevveercvveennnenn. 98
Zone 29 DCP curves, cement treated subgrade (7 day) ......cccoeeveeeienciieneennnns 98
Zone 29 DCP curves, cement stabilized base course (mix day)....................... 100
Zone 29 DCP curves, cement stabilized base course (7 day)........cceevvverevennne. 100
Plate 10ad SETUP.....covieeiieiie ettt e 106
Stress-displacement curves for PLTS ......coccoiiviiiiniiiiniiiicceeceee, 109

Variation of vertical stresses with the applied plate pressures during the PLT 111
Variation of vertical stresses at the subgrade-treated subgrade interface with

roller compactor moving on the top of treated subgrade soil layer ................. 112
Weather challenges early in the project.........c.cceeceevieeciienieeiieenieeieeceeee e, 114
Contractor’s use of Automated Machine Guidance (AMG) .........ccccveeeuveennee. 115
Sakai SW 990, 84 INCH TOILET.......ccooviiiiiiiiiii e 117
Sakai display and dash...........cccooeiiiniiniii e 117
Sakai cross-mounted drive and vibration motors ...........ccceeeveeeveveeeciveescneeeennen. 118
Sakai compaction teMPETATUIES.........cccvveeriireeriieeiieeerieeerereeesereeesreesseeesseeenns 118
Sakai eccentric weight application (from Sakai).........ccceeevveeviieeiiieniieeniiens 119
screen shots a) What the operator sees b) Longitudinal joint overlap.............. 119
Sakai network COMMUNICALION ......cc.eerueeriieieriieie et 120
Aggregate gradation TeSUILS .........cceeiiiiiiiriieieeeee e 123
Hamm roller utilized as secondary roller .............coocueeviiniieiienieniieieeieeee 127
Veda screenshot — Sakai CCV values .........ccccueeeiiieeiieeciieeciee e 130
Verification that temperature was working. —07/02/13 .......cccoooviviieiinninennen. 131
Veda screenshot — Sakai temperature values..........ccccueeevveeerieeeiieeciie e, 131



Figure 71
Figure 72
Figure 73
Figure 74
Figure 75
Figure 76
Figure 77
Figure 78
Figure 79
Figure 80
Figure 81
Figure 82
Figure 83
Figure 84
Figure 85
Figure 86
Figure 87
Figure 88
Figure 89
Figure 90
Figure 91
Figure 92
Figure 93
Figure 94
Figure 95
Figure 96
Figure 97
Figure 98
Figure 99
Figure 100
Figure 101
Figure 102
Figure 103
Figure 104
Figure 105
Figure 106
Figure 107

Subgrade MDP map from Veda — 11/09/2012 .........ccoeviiviienieniieieeieeene, 160

Subgrade MDP map from Veda — 11/13/2012.......ccccovviiiiiiiiiiiieieeieee, 160
Subgrade MDP map from Veda — 11/14/2012.......ccccvviiiiiiieieniieieeeeeee 161
Subgrade MDP map from Veda — 11/14 to 11/29/2012.......ccccvviinirvivniinnnnne. 161
Subgrade MDP map from Veda — 12/01 to 12/12/2012.......ccccevieniivivnicnnnne. 162
Subgrade MDP map from Veda — 12/20/2012 ........oeeviieeeiieeieeeieeeiee e 162
Subgrade MDP map from Veda — 01/05/2013 .....cooveovieeiieeieeeeeeeee e, 163
Subgrade MDP map from Veda — 01/22 to 01/23/2013.......cccvevvievieriienenne, 163
Subgrade MDP map from Veda — 03/02 to 03/06/2013........cccceecvveerverrrenennne. 164
Subgrade MDP map from Veda — 03/07/2013 ........cccoveiiiiiieieniieieeieeee 164
Subgrade MDP map from Veda — 03/08 to 03/15/2013........ccceevvieiveniiaenne 165
Subgrade MDP map from Veda — 04/02/2013 .......cocoevieriiniiiiniiniceneceeene. 165
Subgrade MDP map from Veda — 05/06/2013 .......cccoveriiniiiiniiniiicneceane. 166
Base MDP map from Veda — 05/18-20/2013 ........ooeoiiieiiieeiieeeeeiee e 168
Base MDP map from Veda — 05/20-25/2013 .....covieoiiieiieeeeeeeeee e 168
Base MDP map from Veda — 06/3/02 to 06/30/2013 .......cceevvvevveeciienreereenen. 169
Base MDP map from Veda — 07/31/2013 .....ccoeviieiiieiieieeieeee e 169
Base MDP map from Veda — 07/31 to 08/08/2013 .......cccoveeviieiieeiieieeieenee, 170
Base MDP map from Veda — 08/08/2013 ........coovieiieeiieieeieeie e 170
Binder CCV and Temperature map from Veda — 6/25/2013-0710.................. 172
Binder CCV and Temperature map from Veda — 6/26/2013-0706................... 173
Binder CCV and Temperature map from Veda — 6/28/2013-0709................... 174
Binder CCV and Temperature map from Veda — 6/28/2013-1600................... 175
Binder CCV and Temperature map from Veda — 6/29/2013-1031 .................. 176
Binder CCV and Temperature map from Veda — 6/29/2013-1050.................. 177
Binder CCV and Temperature map from Veda — 7/2/2013 .......cccceeverienennnene 178
Binder CCV and Temperature map from Veda —7/10/2013-0717 .................. 179
Binder CCV and Temperature map from Veda —7/10/2013-1320................... 180
Binder CCV and Temperature map from Veda — 7/12/2013-0810................... 181
Binder CCV and Temperature map from Veda — 7/12/2013-1120................... 182
Binder CCV and Temperature map from Veda — 8/27/2013-0654 .................. 183
Binder CCV and Temperature map from Veda — 8/28/2013-0715 .................. 184
Binder CCV and Temperature map from Veda — 8/29/2013-0705 .................. 185
Binder CCV and Temperature map from Veda — 8/29/2013-1429 .................. 186
Wearing CCV and Temperature map from Veda — 12/04/2013-0632 ............. 188
Wearing CCV and Temperature map from Veda — 12/05/2013-0158 ............. 189
Wearing CCV and Temperature map from Veda — 12/05/2013-0551 ............. 190

Xix



Figure 108
Figure 109
Figure 110
Figure 111
Figure 112
Figure 113
Figure 114
Figure 115
Figure 116
Figure 117
Figure 118

XX

Wearing CCV and Temperature map from Veda — 12/17/2013-0250.............. 191
Wearing CCV and Temperature map from Veda — 12/17/2013-0317 ............. 192
Wearing CCV and Temperature map from Veda — 12/17/2013-2215 ............. 193
Wearing CCV and Temperature map from Veda — 12/18/2013-0355 ............. 194
Wearing CCV and Temperature map from Veda — 12/18/2013-1918 ............. 195
Wearing CCV and Temperature map from Veda — 12/19/2013-1811 ............. 196
Wearing CCV and Temperature map from Veda — 12/19/2013-2026 ............. 197
Wearing CCV and Temperature map from Veda — 01/13/2014-1854 ............. 198
Wearing CCV and Temperature map from Veda — 01/13/2014-2334 ............. 199
Wearing CCV and Temperature map from Veda —01/14/2014-1647 ............. 200
Wearing CCV and Temperature map from Veda —01/15/2014-1254 ............. 201



INTRODUCTION

Roller Integrated Compaction Monitoring (RICM) [i.e., intelligent compaction (1C) or
continuous compaction control (CCC)] refers to the compaction of road materials, including
subgrade soils, aggregate bases, stabilized materials, and asphalt-paving materials, using
modern rollers equipped with an integrated IC or CCC measuring system.

The technology continuously records the roller’s GPS location and reaction to layer stiffness,
and plots the result during compaction operations, so the roller operator can adjust (rolling
pattern, settings, etc.) to ensure appropriate compaction effort. The recorded stiffness
measurements can be correlated to conventional physical and engineering properties of
compacted materials, such as dry density, strength, and modulus. The field-generated data
and plots also provide a good means for quality control/quality assurance (QC/QA) of
compaction operations as well as uniformity of compaction.

Current departmental standards require contractors to build uniform pavement structure
layers to meet density and moisture criteria, but with little means to check and quantify it.
Compaction with standard rollers is typically through a trial-and-error process and its quality
control is based on the experience and judgment of individual contractors. The minimum
spacing of 1000 ft. for quality assurance tests at selected point locations is expected to
represent the entire section. In reality, many factors such as variations in soil gradation, soil
composition, moisture contents, and subgrade condition affect the homogeneity of the
compacted material, resulting in non-uniformity of compaction and hence stiffness. There is
a need for more uniform compaction and stiffness of pavement layers to optimize their
performance.

RICM is a technology that can assist contractors and state departments of transportation to
improve the compaction process in a way to verify consistency throughout constructed
pavement layers. The technology, developed in Europe, has the potential to provide real-
time continuous measurements of in-situ stiffness and performance characteristics of the
pavement section using highly instrumented rollers to compact soil and asphalt in highway
construction projects. Advantages over normal rollers include the use of Global Positioning
Systems (GPS), instrumentation (accelerometer and drive-power based), and onboard
computers for calculations and data collection with graphical displays for the roller’s



operator. The RICM measurements include roller specific measurement values (IC-MVs)
and roller operation parameters (speed, vibration frequency and amplitude, gear, etc.).

In comparison to normal rollers, RICM can help real-time monitor and quantify the
uniformity (or variability) of pavement layers across a continuous section, aid in controlling

consistency, and help speed up the compaction process.

There is a need to demonstrate and evaluate the emerging technology in a real construction

project and its potential implementation logistics (specification, etc.) within Louisiana.

Background

During the construction of highways and embankments, the subgrade soils, base course
materials, treated geomaterials, asphalt layer, embankment soils, and other geo-materials are
compacted to obtain optimum performance during their service life. Most state agencies
utilize a density-based quality acceptance criteria for controlling the construction of
pavement systems and other earth materials. This is mainly based on achieving adequate
field density (or compaction) relative to a laboratory maximum dry density from a standard
or modified Proctor tests. This practice anticipates producing a dense and durable material
that can perform satisfactory throughout its expected design life.

Compaction generally increases the density of the material, and hence improves the
engineering properties of the material, such as strength and stiffness. However the densest
state of a material may not necessarily provide adequate strength/stiffness criteria needed in
the design, and hence (may not) ensure acceptable performance. Over the years, the
realization that field performance of highway material is primarily dependent on their
strength and stiffness, rather than their density progressed. The gap between the design
process, field performance, and field quality control makes it difficult to implement a
performance-based specifications or warranty-based construction criteria. In addition, there
is a national interest toward moving from an empirical to a mechanistic-empirical design for
pavement systems. With the current desire to adapt performance-based specification, it
becomes essential to change the QC/QA procedures during the construction of compacted
earth and/or geomaterials from a density-based criterion to a stiffness/strength-based criterion
that is closely correlated to the parameters used in the design to ensure that the required
performance levels are achieved. Therefore, the determination of the in-situ stiffness
modulus is considered essential in characterizing the different pavement materials.
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The nuclear moisture-density gauge is a common tool for measuring moisture and density in
the field. Unfortunately, the nuclear moisture density gauge poses certain risks on a job.
Though a small and relatively safe source of radiation, risks exist and special safety
precautions, training, and documentation must occur in conjunction with the device. A need
to reduce potential risks from this nuclear device is also desired. Several non-nuclear in-situ
testing devices, like the dynamic cone penetrometer (DCP), falling weight deflectometer
(FWD), light falling weight deflectometer (LFWD), plate load test (PLT), and soil stiffness
gauge (GeoGauge), were introduced in the last two decades to measure the in-situ stiffness of

the compacted geomaterials.

Regardless of the testing device, in-situ tests are generally performed at selected
spots/locations along the pavement section (e.g., every 1000 ft.) assuming material
homogeneity, and that the tests represent the entire section. Based on those point test results,
the stiffness of the entire section length is evaluated. In addition, in-situ spot tests are
generally time consuming and can take time for results to be available for field engineers. To
achieve an efficient compaction, there is a need for a continuous measurement of the in-situ

stiffness of the constructed layer after each pass of the compaction device.

In conventional compaction, compaction generally occurs by repeatedly running a roller
(static drum, vibrating drum, or rubber tired) a fixed number of passes at a constant speed,
and at a constant vibrating frequency and amplitude (when vibratory roller is used). This
standardized tactic can lead to non-homogeneity compaction of the material due to variation
in the material properties of compacted material (gradation, soil composition, and moisture
contents), and stiffness/condition of the underlying layer. While some areas will be
sufficiently compacted, constant passes can leave other local areas either insufficiently
compacted or over-compacted. Selected point density/stiffness measurements may not be
able to capture weak, insufficiently compacted areas.

When operator capabilities and distractions are added, a consistent number of passes on
adjoining parallel strips may not occur as planned, and the desired/target density may not
necessarily be achieved. How do roller operators know when to stop rolling the material —
trial and error, or more nuclear tests? Contractor’s means and methods must ensure that the
job specifications, including compaction (moisture and density), are achieved, and current
Departmental standards require the minimum spacing of quality assurance tests; but what
confidence do we have on the points in-between? In addition, how can we be assured that



the roller operator consistently rolled all points of the jobsite, i.e., consistent coverage and
passes?
Literature Review

GPS systems, including the use of Real-Time Kinematic (RTK) systems, have become more
mainstream in construction, road measurements, levee construction, etc. These GPS systems
enable quick measurements with high levels of accuracy and precision. Roller passes can be
tracked with these GPS systems and plotted on a project map (with aerial photo background,
GIS software, Google maps, etc.) in a display visible to the roller operator. In this, the
operator can see areas that are not properly compacted, areas that need additional passes, etc.,
and take corrective action as necessary to achieve the target compaction.

Like standard rollers, some smart rollers can vibrate the roller mass, which then bounces
along the material surface, and these rollers instrumented with accelerometers that can
measure this “bounce” reaction and interpret whether the roller is on weak or stiff material.
At the same time, the roller can collect and link GPS information to these stiffness

measurements.

"i--‘.“__. [ Sta 26 fo 288 - 1800 foet larg Proof Sectian |

Figure 1
3-D illustration of roller compaction measurements and project alignment
http://www.engineering.iastate.edu/facultystaff/featured-faculty-david-white/dwhite3.html

These stiffness measurements can be calibrated to a stiffness index, and compared against
target values. So as the roller progresses, a data file is created and displayed to the operator,
showing the material stiffness results as different colors (Figure 1). Roller results can
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therefore be used to influence subsequent passes for coverage (more or less), and to
improve/address weak areas as identified by the stiffness data. The on-board computer helps
the operator avoid over and under compaction, aiming to ensure proper compaction is
achieved while reducing delays and “pumping” problems.

Some compaction rollers use relative compaction testing method to control the construction
of compacted materials. The concept of this method is based on calculating a relative value
by comparing certain compaction meter values (dimensionless) obtained by the compaction
equipment for two successive passes. An example of relative compaction testing method is
the CCC system, which has a compaction meter that continuously measures the acceleration
of the roller drum and calculates a compaction meter value from the acceleration signal. The
roller operator can continuously monitor the compaction meter value. This will enable the
operator to judge the areas with sufficient compaction, areas needing additional passes, and
areas where sufficient compaction cannot be achieved with the present roller. GPS
instrumented rollers benefit the contractor by allowing the roller operator an onscreen guide
to ensure entire job coverage and compaction with optimum effort (not under or over
compacted). To the department, complete consistent coverage is more likely achieved, and
documented by creating a data record showing the track and coverage of the roller.
Examples of these systems are the Omegameter and Terrameter from BOMAG (Figure 2),
and Compactometer from Geodynamik (Figure 3).



Figure 2 Figure 3
Terrameter from BOMAG [1] Compactometer Value in CCC [2]

Absolute compaction testing methods were incorporated in some compaction rollers. In
these rollers, the manufacturer attached an equipment system to the compaction roller that
can continuously measure the absolute values of stiffness, which is monitored by the roller
operator. These roller systems can give the operator and the contractor real-time proof that
the proper compaction has been reached. An example of this type is the rolling equipment
manufactured AMMANN that measure the stiffness modulus /3, 4, 5, 6/.

The IC technology has been introduced and used for the last ten years in some European and
Asia countries. The concept of IC started in the late 1970s with the work of three European
companies (AMMANN in Switzerland, BOMAG in Germany, and GEODYNAMIK in
Sweden) /3,4, 5,6,7,8, 9,10, 11, 12, 13, 14]. The basic concepts in addition to some initial
experience were reported by Forssblad and Thurner and Sandstorm /1735, 16].

According to FHWA "IC is a compaction technology used for materials including soils,
aggregates, and asphalt mixtures, by using vibratory rollers equipped with the real-time
kinematic (RTK) Global Positioning System (GPS), roller-integrated measurement system
(normally accelerometer-based), feedback controls, and onboard real-time display of all IC
measurements.”/17]. The feature of varying the response of the roller is also known as
automatic feedback control (AFC).

IC rollers, in contrast to continuous compaction control (CCC) rollers, are capable of AFC,
where the onboard computer not only records the stiffness measurements, but also adjusts the
roller’s vibration frequency and/or amplitude to adapt to weak or stiff material encountered.
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The roller receives feedback from the in-place material based on the resistance encountered,
and the IC roller then automatically and “instantaneously’” modifies its settings (force
amplitude, frequency) to meet the target modulus. NCHRP report 676 did not recommend
the use of AFC during measurement passes and quality assurance (QA) due to the effect of
roller operating parameters on measurement values (MVs); however, AFC could be utilized

by the contractor during normal compaction operations //8].

The IC method is based on the concept of absolute measurement of the stiffness by certain
instruments in the roller itself with a control system that is capable of continuously adjusting
the performance of the compaction equipment to meet the required conditions based on
compaction meter’s input (Figure 4). The performance of the compaction equipment is
adjusted by changing the different compaction parameters of the roller: amplitude, frequency,
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Figure 4
Intelligent Compaction System (from BOMAG) [19]
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Figure 5
Varying amplitude and frequency to optimize compaction (from BOMAG) [1]

For efficient construction control, the equipment system is provided with a pre-specified
acceptance, or target stiffness value for the compacted job site. During compaction, the
roller changes the vibration amplitude and frequency depending on soil type and measured
stiffness (optimum operation). For example, high amplitude and low frequency are used to
compact soft soils while low amplitudes and high frequencies are used to compact stiff soils
(Figure 5); high amplitude and low frequency can be used for first passes while low
amplitude and high frequency can be used for further passes /7/9/. Once the targeted stiffness
value is achieved at a certain spot, the roller will pass that spot without vibration. This will
ensure that the material will not be over-compacted.

The most important challenge in adopting the stiffness criteria as the compaction control
procedure for the RICM is to identify the target stiffness values for the different soil types
and layer thicknesses. The roller gives a stiffness value that is calculated from the measured
drum acceleration, which depends on many factors including the stress level, strain level, rate
of loading, number of cycles, and moisture content, and soil layering and thickness.
Therefore, proper correlation is needed between the soil stiffness modulus obtained by IC
roller and the soil modulus measured by a well-established test. In European countries, the
roller stiffness (Eroner) modulus was compared with the modulus obtained from the standard
plate load test (PLT), since in these countries the PLT moduli (Ey; and E,,) have been used
for design for a long time. Based on this comparison, Briaud concluded that Ee = 45 MPa
can be used as a control criteria for low traffic, and E,oier = 120 MPa can be used for
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freeways /19]. In addition, the IC measured stiffness represents “composite” value within the
roller’s influence zone.

The recent Report 676 from the National Cooperative Highway Research Program (NCHRP)
entitled Intelligent Soil Compaction Systems outlines the current state of practice,
fundamentals, analysis, case studies, and many other facets of this technology.

Theoretical Background

In roller integrated compaction, the roller has a dual role during the compaction process:
compact the pavement material and measure the soil stiffness. The stiffness is calculated
from the measurement of the drum acceleration, and the corresponding theory is clear and
well established based on the equilibrium equation and the soluti