
AUTHORS

DETAILS

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.  
(Request Permission) Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.

Copyright © National Academy of Sciences. All rights reserved.

THE NATIONAL ACADEMIES PRESS

Visit the National Academies Press at NAP.edu and login or register to get:

–  Access to free PDF downloads of thousands of scientific reports

–  10% off the price of print titles

–  Email or social media notifications of new titles related to your interests

–  Special offers and discounts





BUY THIS BOOK

FIND RELATED TITLES

This PDF is available at    SHAREhttp://nap.edu/22922

Intelligent Soil Compaction Systems

165 pages |  | PAPERBACK

ISBN 978-0-309-15519-9 | DOI 10.17226/22922

http://cart.nap.edu/cart/cart.cgi?list=fs&action=buy%20it&record_id=22922&isbn=978-0-309-15519-9&quantity=1
http://www.nap.edu/related.php?record_id=22922
http://www.nap.edu/reprint_permission.html
http://nap.edu
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http://www.nap.edu/22922&pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=22922&title=Intelligent+Soil+Compaction+Systems
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http://www.nap.edu/22922&pubid=napdigops
mailto:?subject=null&body=http://nap.edu/22922


N a t i o N a l  c o o p e r a t i v e  H i g H w a y  r e s e a r c H  p r o g r a m

NcHrp RepoRt 676

Intelligent Soil  
Compaction Systems

Michael A. Mooney
Robert V. Rinehart
Norman W. Facas
Odon M. Musimbi

Colorado SChool of MineS

Golden, CO

David J. White
Pavana K. R. Vennapusa

iowa State UniverSity

Ames, IA

TranSporTaT Ion reSearCh Board
Washington, D.C.

2010
www.tRB.org 

Subscriber Categories

Construction • geotechnology • Pavements

Research sponsored by the American Association of State Highway and Transportation Officials  
in cooperation with the Federal Highway Administration

N a t i o N a l  c o o p e r a t i v e  H i g H w a y  r e s e a r c H  p r o g r a m

Intelligent Soil Compaction Systems

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22922


naTIonal CooperaTIve hIghway 
reSearCh program

Systematic, well-designed research provides the most effective 

approach to the solution of many problems facing highway 

administrators and engineers. Often, highway problems are of local 

interest and can best be studied by highway departments individually 

or in cooperation with their state universities and others. However, the 

accelerating growth of highway transportation develops increasingly 

complex problems of wide interest to highway authorities. These 

problems are best studied through a coordinated program of 

cooperative research.

In recognition of these needs, the highway administrators of the 

American Association of State Highway and Transportation Officials 

initiated in 1962 an objective national highway research program 

employing modern scientific techniques. This program is supported 

on a continuing basis by funds from participating member states of 

the Association and it receives the full cooperation and support of 

the Federal Highway Administration, United States Department of 

Transportation.

The Transportation Research Board of the National Academies 

was requested by the Association to administer the research program 

because of the Board’s recognized objectivity and understanding 

of modern research practices. The Board is uniquely suited for this 

purpose as it maintains an extensive committee structure from which 

authorities on any highway transportation subject may be drawn; it 

possesses avenues of communications and cooperation with federal, 

state and local governmental agencies, universities, and industry; its 

relationship to the National Research Council is an insurance of 

objectivity; it maintains a full-time research correlation staff of 

specialists in highway transportation matters to bring the findings of 

research directly to those who are in a position to use them.

The program is developed on the basis of research needs identified 

by chief administrators of the highway and transportation departments 

and by committees of AASHTO. Each year, specific areas of research 

needs to be included in the program are proposed to the National 

Research Council and the Board by the American Association of State 

Highway and Transportation Officials. Research projects to fulfill these 

needs are defined by the Board, and qualified research agencies are 

selected from those that have submitted proposals. Administration and 

surveillance of research contracts are the responsibilities of the National 

Research Council and the Transportation Research Board.

The needs for highway research are many, and the National 

Cooperative Highway Research Program can make significant 

contributions to the solution of highway transportation problems of 

mutual concern to many responsible groups. The program, however, is 

intended to complement rather than to substitute for or duplicate other 

highway research programs.

Published reports of the 

naTIonal CooperaTIve hIghway reSearCh program

are available from:

Transportation Research Board
Business Office
500 Fifth Street, NW
Washington, DC 20001

and can be ordered through the Internet at:

http://www.national-academies.org/trb/bookstore

Printed in the United States of America

nChrp reporT 676

Project 21-09 
ISSN 0077-5614 
ISBN 978-0-309-15519-9 
Library of Congress Control Number 2010939000

© 2010 National Academy of Sciences. All rights reserved.

CopyrIghT InformaTIon

Authors herein are responsible for the authenticity of their materials and for obtaining 
written permissions from publishers or persons who own the copyright to any previously 
published or copyrighted material used herein. 

Cooperative Research Programs (CRP) grants permission to reproduce material in this 
publication for classroom and not-for-profit purposes. Permission is given with the 
understanding that none of the material will be used to imply TRB, AASHTO, FAA, FHWA, 
FMCSA, FTA, or Transit Development Corporation endorsement of a particular product, 
method, or practice. It is expected that those reproducing the material in this document for 
educational and not-for-profit uses will give appropriate acknowledgment of the source of 
any reprinted or reproduced material. For other uses of the material, request permission 
from CRP.

noTICe

The project that is the subject of this report was a part of the National Cooperative Highway 
Research Program, conducted by the Transportation Research Board with the approval of 
the Governing Board of the National Research Council. 

The members of the technical panel selected to monitor this project and to review this 
report were chosen for their special competencies and with regard for appropriate balance. 
The report was reviewed by the technical panel and accepted for publication according to 
procedures established and overseen by the Transportation Research Board and approved 
by the Governing Board of the National Research Council.

The opinions and conclusions expressed or implied in this report are those of the researchers 
who performed the research and are not necessarily those of the Transportation Research 
Board, the National Research Council, or the program sponsors.

The Transportation Research Board of the National Academies, the National Research 
Council, and the sponsors of the National Cooperative Highway Research Program do not 
endorse products or manufacturers. Trade or manufacturers’ names appear herein solely 
because they are considered essential to the object of the report.

Published reports of the 

naTIonal CooperaTIve hIghway reSearCh program

are available from:

Transportation Research Board
Business Office
500 Fifth Street, NW
Washington, DC 20001

and can be ordered through the Internet at:

http://www.national-academies.org/trb/bookstore

Printed in the United States of America

Intelligent Soil Compaction Systems

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22922


Intelligent Soil Compaction Systems

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22922


Crp STaff for nChrp reporT 676 

Christopher W. Jenks, Director, Cooperative Research Programs
Crawford F. Jencks, Deputy Director, Cooperative Research Programs
David A. Reynaud, Senior Program Officer
Megan A. Chamberlain, Senior Program Assistant
Eileen P. Delaney, Director of Publications
Ellen M. Chafee, Editor

nChrp proJeCT 21-09 panel
Field of Soils and Geology—Area of testing and Implementation

Ahmad A. Ardani, FHWA Turner-Fairbank, McLean, VA (Chair)
Steve W. Perkins, Montana State University, Bozeman, MT 
Sastry P. Putcha, Florida DOT, Tallahassee, FL 
Danesh Sajedi, Maryland State Highway Administration, Hanover, MD 
David P. Shiells, Virginia DOT, Chantilly, VA 
John A. Siekmeier, Minnesota DOT, Maplewood, MN 
Chun-Kun Su, North Carolina DOT, Raleigh, NC 
Michael Adams, FHWA Liaison 
G. P. Jayaprakash, TRB Liaison 

c o o p e r a t i v e  r e s e a r c h  p r o g r a m sc o o p e r a t i v e  r e s e a r c h  p r o g r a m s

Intelligent Soil Compaction Systems

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22922


aUThor aCKnowledgmenTS

The authors are grateful to the NCHRP for funding the study and to the technical review panel 
members: Mr. Ahmad Ardani (chair), FHWA Turner-Fairbank; Mr. John Siekmeier, Minnesota 
Department of Transportation; Dr. Steve Perkins, Montana State University; Dr. Sastry Putcha, 
Florida Department of Transportation; Mr. Dan Sajedi, Maryland State Highway Administra-
tion; Mr. David Shiells, Virginia Department of Transportation; and Mr. Chun-Kun Su, North 
Carolina Department of Transportation.  

The authors wish to thank a number of individuals who provided invaluable assistance 
throughout the project, including Geoffrey Bee and Kyle Jackson, Colorado School of Mines; 
Heath Gieselman, Mike Kruse, Amy Heurung, Eddy Blahut, and Allison Moyer, Iowa State Uni-
versity; Dr. Reinhard Furrer, University of Zurich; Dr. Nils Ryden, Peab AB Sweden and Lund 
University; Patrick Miller, Olson Engineering, Inc.; Dr. Mark Thompson, CH2MHill; Dr. Dietmar 
Adam, Technical University of Vienna; and Dr. Gerhard Bräu, Technical University of Munich.

The authors are grateful for the assistance and cooperation of the state departments of trans-
portation/highway authorities and project contractors at the five field sites where testing was 
conducted: 

• John Siekmeier of the Minnesota Department of Transportation; Tim Clyne, Ruth 
Roberson, and Jack Herndon at the Minnesota ROAD Research Facility; Hard Drives of 
Minnesota

• Aziz Khan, Naser Abu-Hejleh, Jake Kononov, and Chris Boespflug of the Colorado Depart-
ment of Transportation; Flatiron Constructors, Inc., Intermountain Division

• Dan Sajedi of the Maryland State Highway Administration; Devin Miller and colleagues at 
Dewey Jordan Construction of Maryland

• Sastry Putcha of the Florida Department of Transportation; Tom Woods and colleagues 
at JEA Construction Engineering Services; Wade Henderson and colleagues at Keith & 
Schnars, P.A.

• C. K. Su and Brian Smith of the North Carolina Department of Transportation, David Teal 
and colleagues at Blythe Construction of North Carolina

The authors are very grateful to Ammann, Bomag, Caterpillar, Case, Dynapac, and Sakai for 
providing rollers and to the representatives from these roller manufacturers for providing infor-
mation about their current continuous compaction control and intelligent control equipment. 
The authors also thank Bob Horan for assisting in coordinating field project sites. Equipment 
and expertise provided by Arthur Taylor, Jeff Drake, and Geoffrey Kirk of Trimble Navigation 
Limited (3D Machine Control Construction Division) greatly increased the effectiveness of the 
research team and improved the quality of results and is very much appreciated. In addition, 
equipment provided by Olson Engineering, Inc., allowed for more efficient field testing and is 
appreciated.

Intelligent Soil Compaction Systems

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22922


This report describes intelligent compaction, a new method of achieving and document-
ing compaction requirements through continuous compaction-roller vibration monitoring 
to assess mechanistic soil properties (e.g., stiffness, modulus), continuous modification/
adaptation of roller vibration amplitude and frequency to ensure optimum compaction, 
and full-time monitoring by an integrated global positioning system (GPS) to provide 
a complete GPS-based record of the compacted area. This report will interest state and 
local highway agency construction managers and geotechnical engineers and contractors, 
particularly excavation superintendants. Implementation of this system has the potential 
to improve infrastructure performance, reduce costs, reduce construction duration, and 
improve safety. 

Compaction of embankment, subgrade, and base materials is a significant portion of 
state highway construction budgets and is critical to the performance of highway pave-
ments. Heterogeneity of earth materials, variability in equipment and operators, and dif-
ficulty in maintaining uniform lift thickness and prescribed moisture content combine 
to make desired earthwork compaction difficult to achieve. Current quality-control and 
quality-assurance testing devices are typically used to assess less than 1% of the actual com-
pacted area. 

Research findings in Europe and in the United States have shown that soil stiffness and 
modulus can be assessed through monitoring vibration of the compaction roller drum and 
that continuous monitoring, feedback, and automatic adjustment of the compaction equip-
ment can significantly improve the quality of the compaction process. Standard specifica-
tions for intelligent compaction systems in the United States are needed, much as they exist 
overseas.

Under NCHRP Project 21-09, the Colorado School of Mines and Iowa State University 
conducted research to determine the reliability of intelligent compaction systems and to 
develop recommended construction specifications for the application of intelligent com-
paction systems in soils and aggregate base materials. For the purposes of this project, intel-
ligent compaction is defined as involving the use of vibratory rollers that are equipped with 
a control system that can automatically adjust compactive effort in response to real-time 
feedback of changes in material modulus during the compaction process.

To achieve the project objectives, the researchers conducted a review of domestic and 
international literature and determined the current state of practice of intelligent com-
paction.  Interviews with compaction equipment manufacturers and European researchers 
provided information on equipment capabilities and the current state of practice abroad. 
The investigators identified five active state department of transportation construction 
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projects for the collection and comparison of intelligent and traditional compaction data. 
They formulated a data collection plan for roller data (from a minimum of three different 
manufacturers), instrumentation data, and in situ testing data. The researchers’ analysis of 
the data allowed validation of the roller data with the instrumentation data and correlation 
of the roller data with the in situ data. Additional analysis confirmed the importance of 
determining moisture, layer depth, and the foundation layer in the accuracy of intelligent 
compaction systems. Based on further analysis of the acquired data, target values for the 
modulus of different soil types have also been provided. Preliminary recommended con-
struction specifications are included for the application of intelligent compaction systems 
in soils and aggregate base materials. The final report addresses the reliability and effective-
ness of intelligent compaction technology in different soil types. Appendixes A through D, 
which provide supplemental information, are available on the TRB website (www.trb.org) 
at http://www.trb.org/Main/Blurbs/164279.aspx. 
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s U m m a r Y

intelligent soil Compaction systems

This report details the findings of NCHRP Project 21-09, “Intelligent Soil Compaction 
Systems,” undertaken to investigate intelligent soil compaction (IC) systems and to develop 
generic specifications for the application of IC in quality assurance (QA) of soil and aggre-
gate base material compaction. The term intelligent soil compaction systems was defined (in 
the NCHRP Project 21-09 request for proposals) to include (1) continuous assessment of 
mechanistic soil properties (e.g., stiffness, modulus) through roller vibration monitoring; 
(2) automatic feedback control of vibration amplitude and frequency; and (3) an integrated 
global positioning system to provide a complete geographic information system-based re-
cord of the earthwork site. An equally important term is roller-integrated continuous compac-
tion control—defined by IC components (1) and (3).  

Roller-integrated continuous compaction control (CCC) technology was initiated in Eu-
rope in the 1970s and has been used in European practice for nearly 20 years. The first Euro-
pean specification for roller-integrated CCC was developed in Austria in 1990. Today, four 
European countries have soil compaction QA specifications using roller-integrated CCC 
(Austria, Germany, Sweden, and Switzerland) and U.S. states are beginning to implement 
pilot specifications (e.g., Minnesota). In European specifications the use of automatic feed-
back control IC rollers is permitted during compaction but not during QA because the roller 
measurement values (MVs) can be strongly influenced by varying amplitude and frequency. 
The dependence of roller MVs on frequency and amplitude in particular was verified in this 
study (summarized below) and further determined to be quite complex and difficult to pre-
dict. Accordingly, the recommended specifications developed here allow IC during compac-
tion but do not permit the use of automatic feedback control IC during roller-based QA.

Recommended	Specifications	for	Roller-
Integrated	CCC	in	Earthwork	QA

Six options for QA of earthwork compaction using roller-integrated CCC were devel-
oped as a result of this study to accommodate the diversity of earthwork site conditions, 
earthwork and QA practice, and agency needs observed throughout the United States. The 
six recommended specification options are distinguished into three principal categories. In 
Option 1, CCC is used to assist in QA, but acceptance is based on spot-test measurements. 
Options 2a and 2b acceptance is based on roller MVs, but no initial calibration of roller MV 
is required. Options 3a, 3b, and 3c acceptance is based on achieving a target roller MV over 
a specified proportion of an evaluation area. Target MVs are determined via various initial 
calibration techniques. Technically, the proposed specifications are end product based with 
methodological aspects that must be followed. None of the recommended options consti-
tute performance-based specifications. Each specification option can be adopted as the sole 
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method for QA; alternatively, two or more options can be combined to increase reliability. 
Option 1 is recommended as a beginning approach. Once personnel are comfortable with 
CCC technology, states can advance to more complex options. 

The recommended specifications were developed and pilot tested through field testing 
on active earthwork construction projects in Minnesota, Colorado, Maryland, Florida, and 
North Carolina. Extensive testing with IC and CCC rollers was conducted on granular soils, 
fine-grained soils, and aggregate base materials commonly used in subgrade, subbase, and 
base course construction. Smooth drum and pad foot drum IC and CCC roller compactors 
from Ammann, Ammann/Case, Bomag, Caterpillar, Dynapac, and Sakai were used through-
out the study. Field investigations were conducted on more than 200 test beds across the five 
sites. Test beds involved single lifts of subgrade, subbase, and base course materials ranging 
in thickness from 150 to 300 mm (6 to 12 in) and, in some cases, multiple lifts and layered 
systems to depths greater than 1.5 m (4.9 ft). Single-lane test beds were constructed to con-
duct detailed investigations of the relationship between roller MVs and measurements from 
commonly used spot tests (e.g., nuclear gauge, lightweight deflectometer, dynamic cone 
penetrometer). Full-width test beds were constructed to calibrate roller MVs to spot-test 
measurements and to examine the implementation of recommended specifications. Multi-
ple lift and layered test beds were constructed with embedded instrumentation to investigate 
the relationship between roller MVs and in situ stress-strain-modulus, the measurement 
depth of roller MVs, and the influence of layered structures on roller MVs.

Fundamentals	of	Roller	Measurement	Systems

Each vibration-based roller MV investigated provides a measure of soil or foundation 
stiffness for an area the width of the roller [2.1 m (6.9 ft)] by a spatial distance in the direc-
tion of roller travel that varies [0.06 to 1.0 m (0.2 to 3.3 ft)] across the different MVs. The 
reporting spatial resolution of roller MVs varied from 0.2 to 1.0 m (0.7 to 3.3 ft), and the 
resulting records provide complete coverage of the earthwork. For best results, real-time 
kinematic differential global positioning system (GPS) with an accuracy of 1 to 2 cm (0.4 to 
0.8 in) is recommended. The position reporting accuracy of the roller-mounted GPS should 
be verified regularly. Repeatability testing of properly working CCC/IC rollers and roller 
measurement systems revealed a pass-to-pass roller MV uncertainty of ±10% (one standard 
deviation). Repeatability testing of vibratory pad foot measurement systems revealed pass-
to-pass MV uncertainties in excess of 25%. A repeatability testing procedure was developed 
and is recommended for CCC specifications. 

Four vibration-based roller MVs were investigated—Ammann and Case/Ammann k
s
, 

Bomag E
vib

, Dynapac CMV
D
, and Sakai continuous compaction value (CCV). The various 

MVs correlated well with each other over a range of soft to stiff soil conditions. CCV and 
compaction meter value (CMV) were found to be insensitive to changes in soil stiffness 
below values of approximately 10. Many of the roller MVs employed by manufacturers were 
validated using independent instrumentation and implementation of published roller MV 
algorithms. This dispels the “black box” mentality that would inhibit implementation by the 
engineering community. 

Field testing revealed that vibration-based roller MVs vary with operating parameters 
such as excitation force amplitude and frequency, roller speed, and travel mode (forward/
reverse). The amplitude dependence of roller MVs was not predictable; MVs were found to 
increase, decrease, or remain the same with increasing amplitude depending on the soil and 
layering conditions. The complex variation of roller MVs with operational parameters indi-
cates that operational parameters must be held constant when using roller-integrated CCC 
for QA. Local soil heterogeneity transverse to the direction of roller travel has a significant 
influence on roller MVs. Due to the nature of drum instrumentation, roller MVs are direc-
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tionally dependent on heterogeneous soil. Bidirectional roller MVs were found to vary by 
100% due to transverse soil stiffness variability. Spot testing should be conducted across the 
drum lane when correlating to roller MVs, and great care should be used when performing 
spatial statistical analysis of pass-to-pass data maps in the presence of heterogeneity.

Relationship	Between	Roller-Measured	Stiffness	
and	In	Situ	Stress-Strain-Modulus	Behavior

Roller MVs measure to depths considerably greater than typical compaction lifts. For ver-
tically homogeneous embankment conditions and the 11- to 15-ton smooth drum vibratory 
rollers used in this study, the volume of soil reflected in a roller MV is cylindrical in shape 
and extends to 0.8 to 1.2 m (2.6 to 3.9 ft) deep and 0.2 to 0.3 m (0.7 to 1.0 ft) in front of and 
behind the drum. The measurement depth of roller MVs was mildly influenced by vibration 
amplitude; that is, a 0.1-mm (0.004-in) increase in amplitude (A) yielded a 3-cm (1.2-in) 
increase in measurement depth. 

In situ stress-strain-modulus measurements at depths to 1 m revealed highly nonlinear 
modulus behavior within the bulb of soil reflected in roller MVs. In base, subbase, and 
subgrade structures, modulus varies widely from layer to layer and within layers. Modulus 
values increased by a factor of 2 with depth in vertically homogeneous embankment test 
beds. A change in vibration amplitude from low to high created a twofold change in modu-
lus. Plane strain conditions exist under the center of the drum and do not exist under the 
drum edges. As a result, the soil under the drum center responds stiffer than the soil under 
the edge.

Roller MVs are a composite reflection of typical base, subbase, and subgrade structures 
with a surface to top-of-subgrade thickness of less than approximately 1 m (3.3 ft). The 
contribution of each layer to roller MV is influenced by layer thickness, relative stiffness 
of the layers, vibration amplitude, and drum/soil interaction issues (contact area, dynam-
ics). The contribution of sublift materials to roller MVs can be significant. The amplitude 
dependence of roller MVs—particularly stiffness measures such as E

vib
 and k

s
—is a result 

of stress-dependent soil modulus, layer interaction, and drum/soil contact mechanics. For 
vertically homogeneous embankment conditions, granular soils that are governed by mean 
effective stress-induced hardening may exhibit a positive roller MV-A dependence (i.e., in-
crease in A yields an increase in roller MV). Conversely, cohesive soils governed by shear 
stress–induced softening may exhibit a negative roller MV-A dependence (i.e., an increase 
in A yields a decrease in roller MV). The roller MV-A dependence of layered structures is 
more complex and is influenced by stress-dependent soil modulus (modulus function pa-
rameters), layer thickness, relative stiffness of layers, and drum/soil interaction issues. Both 
positive and negative roller MV-A dependence is possible, even within the same material. 
The roller MV-A relationship is site dependent.

Roller MVs were found to be insensitive to the compaction of thin lifts [15 cm (6 in)] of 
stiff base material placed directly over a soft subsurface. Roller MVs were sensitive to com-
paction of 30-cm (12-in) lifts of the same stiff material over soft subgrade. The sensitivity 
of roller MVs to compaction of thin lifts improves as the modulus ratio of the overlying to 
underlying layers decreases. 

The extraction of mechanistic material parameters using roller-based measurements for 
performance-based specifications consistent with mechanistic-empirical–based design (e.g., 
AASHTO 2007 Pavement Design Guide) is possible. However, the extraction of appropriate 
parameters must account for the three-dimensional nature of the roller/soil interaction, the 
influence of layers, the nonlinear modulus of each involved material, and the dynamics of 
the drum/soil interaction. 

�   
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Evaluation	of	Automatic	Feedback		
Control-Based	Intelligent	Compaction

The current technology for IC involves automatic feedback control (AFC) of excitation 
force amplitude (Ammann, Bomag, Case/Ammann, Dynapac) and in some cases excitation 
frequency (Ammann, Case/Ammann). At a minimum level, each manufacturer controls the 
vertical excitation force amplitude to prevent unstable “jump” mode vibration of the roller. 
Bomag, Ammann, and Case/Ammann employ additional AFC in an attempt to improve 
compaction and uniformity. The influence of AFC-based IC on compaction efficiency and 
uniformity was investigated on granular base material. AFC-based IC did not produce in-
creased compaction or improved uniformity compared to constant amplitude mode com-
paction during this test case. The response distance of AFC was found to be approximately 
1 m (3.3 ft), indicating that rollers in AFC mode can respond to relatively local changes in 
soil conditions. The dependence of roller MVs on A can provide a misleading record of soil 
stiffness when operating in AFC mode. Both positive and negative MV-A dependence were 
observed during testing and resulted in an artificial and misleading level of variability in 
soil stiffness. In addition, roller MV-A dependence can trigger AFC changes in A. This is 
particularly problematic when roller MVs hover around a target or limit MV. The current 
AFC-based method to IC is a first-generation approach. As the influence of vibration force, 
frequency, roller speed, and so forth on soil compaction is further developed, IC approaches 
will likely improve and advance the compaction process. 

Correlation	of	Roller	Measurement	Values	
to	Spot-Test	Measurements

Field testing was performed with five roller MVs from smooth and pad foot rollers and 
spot-test measurements from 17 different nongranular subgrade, granular subgrade, and 
granular subbase/base materials. The results indicated that correlations are possible to dry 
unit weight, modulus, and California bearing ratio (CBR) with simple linear regression 
analysis for test conditions with homogeneous and relatively stiff underlying layer support 
conditions and MVs obtained under constant operation settings. A wide range of resulting 
R2 values is attributed to various factors, including sublift heterogeneity, moisture content 
variation, limited measurement range, transverse heterogeneity, and variation in machine 
operating parameters. High variability in soil properties across the drum width and soil 
moisture content contributes to scatter in relationships. Averaging measurements across 
the drum width and incorporating moisture content into multiple regression analysis, when 
statistically significant, helped mitigate the scatter to some extent. Correlations are generally 
better for low-amplitude vibration settings [e.g., A = 0.7 to 1.1 mm (0.028 to 0.043 in)]. 

The influence of soil moisture content, compaction layer lift thickness, underlying layer 
properties, and machine operation settings was statistically analyzed using multiple regres-
sion analysis. Where heterogeneous conditions were evident below the compaction layer, 
the underlying layer properties (MVs and spot-test measurements) were often statistically 
significant in the multiple regression model. Regression relationships improved by incor-
porating the underlying layer properties. Where compaction layer properties were strongly 
correlated with the underlying layer properties, compaction layer spot-test measurements 
were statistically not significant in the analysis.

Moisture content was significant for two nongranular subgrade layer test beds and one 
granular base layer test bed, although generally moisture content was not statistically sig-
nificant in the regression analysis for most of the test bed studies. Factors contributing to 
this observation were (1) moisture content did not vary enough over the length of the test 
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strip; (2) spot-test measurements typically only measured moisture content to about 3 in 
below the surface, while the measurement depth of the roller is much greater; and (3) when 
correlating with elastic modulus–based spot-test measurements using multiple regression 
analysis, moisture content is co-linear (i.e., highly correlated to in situ measurement). Am-
plitude variation was statistically significant for all cases in which a minimum amplitude 
variation of ±0.30 mm (0.012 in) was present in the data. 

An approach to empirically relate laboratory-determined M
r
 and roller MVs was pos-

sible for compaction layer material underlain by homogeneous and relatively stiff support 
conditions. Heterogeneous supporting layer conditions affected these relationships. The re-
lationships improved by including parameter values that represented the underlying layer 
conditions through multiple regression analysis.

Case	Study	Implementations	of	
Recommended	Specifications

Implementation of the recommended specifications allowed a direct comparison of 
roller-based CCC options with each other and with existing (i.e., random spot-test-driven) 
QA practice. Specification Option 1—using roller-integrated CCC to identify the weak-
est area(s) for spot testing—requires minimal changes to typical existing QA practices but 
may be more stringent than current random selection spot testing. Specification Option 
2a—based on the percentage change in the mean roller MV from pass to pass—appeared to 
be less stringent than current practice. Specification Option 2b—based on the percentage 
change in spatial roller MV data— appeared to be more stringent than current QA practices. 
One major challenge to successfully implementing specification options that require initial 
calibration of the roller to spot-test measurements is ensuring that the calibration area is 
representative of the evaluation section. Calibration-based Options 3a, b, and c require a 
significant initial investment of time and careful, detailed analysis. QA personnel will require 
careful training to ensure they are familiar with both the roller MV systems and the analysis 
required for the various options. For these reasons, Option 1 is recommended as a begin-
ning approach. Once personnel are comfortable with CCC technology, states can advance 
to more complex options. 

Construction traffic poses a challenge to implementing CCC-based QA. All of the options 
require careful, repeatable rolling patterns. Construction traffic often made it difficult to 
create uninterrupted and repeatable evaluation area roller MV maps and to perform mea-
surements in the calibration areas. Performing correlation studies in a designated full-width 
calibration area requires a change in how the earthwork contractor places material. The 
pace of the production earthwork placement and compaction frequently limited the time 
the research team was able to spend in the calibration area. Correlations were developed in 
approximately 3 to 4 hours, though a time frame of 1 to 2 hours or less would be more con-
sistent with production schedules. In typical production compaction practice, roller com-
pactors are used throughout the hauling, placing, and grading operation. Careful planning 
and cooperation between the contractor and QA personnel, together with modifications in 
work flow, are critical for successful implementation of CCC-based QA. 

The quality of the constructed earthwork is critical to the performance of pavements. 
Roller-integrated measurement of soil properties holds significant promise in that it pro-
vides an effective and efficient tool to comprehensively assess earthwork construction qual-
ity. The complete coverage capability of roller-integrated CCC is a significant improvement 
over current spot-test-based QA. The use of roller-integrated CCC enables departments of 
transportation to enforce high expectations for earthwork quality. Successful implementa-
tion of roller-integrated CCC for earthwork QA requires such high expectations, as well as 
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the coordination and thus buy-in from departments of transportation and contractors. QA 
personnel and contractors will need training on the capabilities and proper use of roller-
integrated CCC. 

Intelligent compaction, currently implemented using automatic feedback control of vi-
bration amplitude and sometimes frequency, is in its infancy and will likely evolve to in-
corporate numerous ways in which the process of compaction is improved and made more 
efficient. The capabilities and friendliness of onboard computers and software will also likely 
improve significantly. Finally, the measurement systems, currently limited by the influence 
of operating parameters, local heterogeneity, and measurement depths that far exceed lift 
thickness, will also evolve to account for these factors. True performance-based assessment 
of earthwork materials using roller-integrated CCC is within reach. The results presented 
here illustrate reasonably complex but determinable soil behavior within the measurement 
volume of a vibrating roller. 
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1.1		Impetus	and	Objectives

NCHRP Project 21-09, “Intelligent Soil Compaction Sys-
tems,” was initiated in 2006 to investigate intelligent compac-
tion (IC) systems and to develop generic specifications for 
the application of IC in quality assurance (QA) of soil and 
aggregate base material compaction. The term “intelligent 
soil compaction systems” was defined in the NCHRP Project 
21-09 Request for Proposals to include: 

•	 Continuous assessment of mechanistic soil properties (e.g., 
stiffness, modulus) through roller vibration monitoring; 

•	 On-the-fly modification of vibration amplitude and 
frequency;

•	 Integrated global positioning system to provide a complete 
geographic information system–based record of the earth-
work site. 

Roller-integrated continuous compaction control (CCC)—
defined, in essence, above—was developed in Europe in the 
1970s and has been used there for nearly 20 years. The first 
European specification for roller-integrated CCC was devel-
oped in Austria in 1990. Today, four European countries have 
compaction QA specifications using roller-integrated CCC 
(Austria, Germany, Sweden, and Switzerland), and the Inter-
national Society for Soil Mechanics and Geotechnical Engi-
neering has endorsed the Austrian CCC specifications (Adam 
2007). 

As described in this report, roller-integrated measurement 
of soil stiffness is strongly dependent on machine operating 
parameters (i.e., excitation force amplitude, frequency, and 
roller speed). Accordingly, current intelligent compaction 
technology employing on-the-fly or automatic modification 
of vibration amplitude and frequency should not be used 
during QA. IC can be used during compaction. The result-
ing QA specifications therefore pertain to the use of roller-
integrated CCC for QA of earthwork compaction. 

c h a p t e r  1

introduction

1.2		Work	Plan	Overview

A 24-month, two-phase work plan was carried out to ad-
dress NCHRP Project 21-09 objectives. Field testing was 
performed on earthwork construction projects in five states: 
Minnesota, Colorado, Maryland, Florida, and North Caro-
lina (see Table 1.1 and Figure 1.1). Testing was conducted on 
granular soils, fine-grained soils, and aggregate base materials 
commonly used in subgrade, subbase, and base course con-
struction. Roller compactors from Ammann, Ammann/Case, 
Bomag, Caterpillar, Dynapac, and Sakai were used through-
out the study (see Table 1.2). The Ammann, Ammann/Case, 
Bomag, and Dynapac rollers included measurement systems, 
a global positioning system (GPS), and automatic feedback 
control of vibration amplitude and therefore are referred to 
as IC rollers. The Caterpillar and Sakai rollers included mea-
surement systems and GPS only and therefore are referred to 
as CCC rollers. The study used both smooth drum and pad 
foot rollers.

Field investigations were conducted on more than 200 test 
beds (TBs) across the five sites (see Figures 1.2 through 1.6). 
TBs ranged in size from single roller lane widths [i.e., 2.1 m 
(6.9 ft) by 20 m (65.6 ft) long] to multiple roller lane widths 
[i.e., 20 m (65.6 ft) by hundreds of meters long], more con-
sistent with typical production earthwork compaction sec-
tions. TBs involved single lifts of subgrade, subbase, and base 
course materials ranging in thickness from 150 to 300 mm 
(6 to 12 in) and, in some cases, multiple lifts and layered sys-
tems to depths greater than 1.5 m (4.9 ft). Detailed informa-
tion about the five sites, the soils tested, and individual TBs is 
provided in Appendix A.

Single lane TBs were constructed to conduct detailed in-
vestigations of the relationship between roller measurement 
values (MVs) and measurements from commonly used spot 
tests (see Figure 1.7). In these cases, soil mixers or reclaimers 
were often used to prepare the TB as homogeneously as pos-
sible (e.g., see Figures 1.2 and 1.5). Descriptions of the spot-
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table 1.1. Summary of field research sites.

State Project Dates Rollersa Soilsb

MN Mn/ROAD research site July 2006 Ammann SD
Bomag SD, PD
Caterpillar SD, PD

Subgrade: A-6(5), A-4(3), 
A-2-6
Base: A-1-b, A-1-a

CO I-25 reconstruction Aug.–Oct. 2007 Bomag SD
Caterpillar SD
Dynapac SD

Subgrade: A-6(7), A-4, 
A-4(3)
Subbase: A-1-a
Base: A-1-a

MD I-70 interchange Nov. 2007 Bomag SD
Dynapac SD, PD
Sakai SD

Subgrade: A-2-4, A-4
Base: A-1-a, A-1-b

FL Branan Field Chaffe/ I-10 
interchange

April 2008 Case/Ammann SD
Dynapac SD
Sakai SD

Subgrade: A-3, A-2-4
Base: A-1-b

NC NC311/I-85 divided  
highway

May–June 2008 Bomag SD
Case/Ammann SD
Sakai SD

Subgrade: A-2-4, A-4, A-1-b
Base: A-1-a

aSD = smooth drum, PD = pad foot drum.
bAmerican Association of State Highway and Transportation Officials classification provided; see Appendix A for more detail.

Figure 1.1. Overview of the five NCHRP 21-09 field test sites.
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table 1.2. Summary of rollers used during the study.

Roller MV

Drum
Length,  
m (ft)

Drum  
Radius,   
m (ft)

Static Mass,   
kg (lb)

Static  
Linear  
Load,  
kN/m  
(kip/ft)

Excitation  
Frequency,  
Hz

Excitation 
Force,   
kN  (kip)

Ammann/Case AC110/SV212 k
s

2.20 (7.22) 0.75 (2.46) 11,500 
(25,350)

31.5
(2.2)

20–34 0–277     
(0–62)

Bomag BW113-BVC E
vib

2.13 (7.00) 0.75 (2.46) 14,900  
(32,850)

42.4
(2.9)

28 0–365      
(0–82)

Caterpillar CS563 CMV
C
 

MDP
2.13 (7.00) 0.76 (2.49) 11,100 

(24,500)
26.9
(1.8)

32 133, 266  
(30, 60)

Dynapac CA362 CMV
D

2.13 (7.00) 0.77 (2.53) 13,200 
(29,100)

37.3
(2.6)

32 0–260     
(0–58)

Sakai SV510 CCV 2.13 (7.00) 0.75 (2.46) 12,500 
(27,600)

32.2
(2.2)

37, 28 186, 245  
(42, 55)

Figure 1.2. IC/CCC rollers and TBs at the Minnesota work site.
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Figure 1.3.  IC/CCC rollers and TBs at the Colorado work site.

Figure 1.4. IC/CCC rollers and TBs at the Maryland work site.
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Figure 1.6. IC/CCC rollers and TBs at the North Carolina work site.

Figure 1.5. IC/CCC rollers and TBs at the Florida work site.
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Figure 1.7. Spot-testing devices used in the study.

Figure 1.8. Multilayered TBs. 
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Figure 1.9. Installing in situ stress and strain sensors.

test devices employed are provided in Appendix A. Full-width 
TBs were constructed to calibrate roller MVs to spot test mea-
surements for evaluation of QA specification options (e.g., 
see Figures 1.3 and 1.5). These TBs were usually prepared ac-
cording to typical construction practice. Multiple lift and lay-
ered TBs were constructed with embedded instrumentation 
to investigate the in situ stress-strain field and measurement 
depth of roller MVs (see Figures 1.8 and 1.9).

1.3		Summary	of	Report

Following this Introduction, the report contains eight ad-
ditional chapters, summarized as follows:

•	 Chapter 2 summarizes the state of practice regarding prior 
CCC and IC research findings and provides a history of 
CCC and IC. The chapter also summarizes current CCC/
IC equipment and provides a detailed presentation of Eu-
ropean CCC specifications. 

•	 Chapter 3 investigates fundamental aspects of roller mea-
surement systems, including MV and GPS position re-
porting, comparison of roller MVs, MV dependence on 
machine parameters (i.e., vibration amplitude, frequency, 
roller speed, direction of travel), and the influence of local 
heterogeneity on roller MVs. 

•	 Chapter 4 characterizes roller-soil interaction, in-ground 
soil behavior (stress, strain, modulus) during rolling, and 
the relationship between roller MVs and in-ground soil 

behavior. The chapter focuses on the measurement depth 
of roller MVs, how MVs may relate to in situ soil response, 
and why MVs vary with excitation parameters (e.g., force 
amplitude).

•	 Chapter 5 explores the operation and benefits of automatic 
feedback control IC.

•	 Chapter 6 evaluates the relationship between roller MVs 
and spot-test results (i.e., nuclear density and moisture 
gauge, lightweight deflectometer, dynamic cone pene-
trometer, plate load test, and falling weight deflectometer). 
Through single and multiple variable regression analysis, 
this chapter addresses the influence of moisture, ampli-
tude, and underlying layer stiffness.

•	 Chapter 7 presents recommended specifications for the use 
of roller-integrated CCC for QA of earthwork compaction. 
Six specification options are recommended.

•	 Chapter 8 presents six case studies carried out to evaluate 
the recommended specification options. The case studies 
are based on field tests in Colorado, Florida, North Caro-
lina, and Minnesota.  

•	 Chapter 9 presents the findings and conclusions from Proj-
ect 21-09.

•	 The main body of the report was written with practical 
implementation in mind. Additional data and detailed 
 information are presented in the appendixes. Appen-
dixes A through D are available on the TRB website (www.
trb.com) at http://www.trb.org/Main/Blurbs/164279.
aspx. 
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c h a p t e r  2

2.1	 	Continuous	Compaction	Control	
and	Intelligent	Compaction

Roller-integrated CCC has been used in Europe since the 
late 1970s, while IC technology has been available since the 
late 1990s. This section summarizes the history of CCC and 
IC as well as key results of previous research studies on CCC 
and IC in both Europe and the United States.

2.1.1  history of Continuous Compaction 
Control and Intelligent Compaction

The history of CCC and IC is summarized here; the reader 
is referred to Mooney & Adam (2007) for a more detailed 
account. The initial research on roller-integrated measure-
ment dates to 1974, when Dr. Heinz Thurner of the Swedish 
Highway Administration performed field studies with a 5-ton 
tractor-drawn Dynapac vibratory roller instrumented with 
an accelerometer. The tests indicated that in the frequency 
domain the ratio between the amplitude of the first harmonic 
and the amplitude of the excitation frequency could be cor-
related to the state of compaction and the stiffness of the soil 
as measured by the static plate load test. In 1975, Dr. Thurner 
founded the firm Geodynamik with partner Åke Sandström 
to continue development of the roller-mounted compaction 
meter. In cooperation with Dr. Lars Forssblad of Dynapac, 
Geodynamik developed and introduced the Compactom-
eter and the compaction meter value (CMV) in 1978. The 
new method was introduced to the technical community at 
the First International Conference on Compaction held in 
Paris, France, in 1980 (Thurner & Sandström 1980, Forssblad 
1980). Dynapac began offering the CMV-based Compactom-
eter commercially in 1980. A number of roller manufactur-
ers (e.g., Ammann, Caterpillar, Ingersoll Rand) subsequently 
began offering the Geodynamik CMV Compactometer mea-
surement system. Sakai introduced the compaction control 

state of Practice

value (CCV) in 2004 (Scherocman et al. 2007). The CCV fol-
lows in the footsteps of the CMV by using harmonic con-
tent from the measured drum vibration to estimate the com-
pacted state. 

Bomag introduced the Omega value and corresponding 
Terrameter in 1982. The Omega value provided a continu-
ous measure of compaction energy and at the time served 
as the only alternative to CMV. In the late 1990s, Bomag in-
troduced a vibration modulus E

vib
, which provides a mea-

sure of dynamic soil stiffness (e.g., Kröber et al. 2001). The 
Omega value was thereafter discontinued for new machines. 
Ammann followed with the introduction of soil stiffness pa-
rameter k

s
 (also called k

B
) in 1999 (Anderegg 1998, Anderegg 

& Kaufmann 2004). The introduction of E
vib

 and k
s
 signaled 

an important evolution toward the measurement of more 
mechanistic, performance-related soil properties (e.g., soil 
stiffness/modulus). The current commercially available 
roller-based measurement values (MVs) are summarized in 
Table 2.1. 

Specifications for quality assurance (QA) of earthwork 
compaction using roller-integrated CCC were first introduced 
in Austria (1990), Germany (1994), and Sweden (1994). Revi-
sions to these original specifications have been made in each 
country. The International Society of Soil Mechanics and 
Geotechnical Engineering (ISSMGE) recently endorsed the 
Austrian specifications for CCC (Adam 2007). The Austrian/
ISSMGE and German specifications each permit multiple 
options for using CCC in earthwork compaction QA. The 
most common and simplest approach uses CCC to identify 
weak areas for evaluation via a static plate load test (PLT), 
a lightweight deflectometer (LWD), or density spot testing. 
Acceptance is based on these weak areas meeting prerequisite 
PLT modulus, LWD modulus, or density requirements. The 
most advanced CCC-based QA specifications involve corre-
lating roller MVs to PLT modulus, LWD modulus, or density 
in a defined calibration area. If a suitable correlation is found, 
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a target roller MV is determined from the MV versus spot 
test regression equation. Acceptance is based on comparison 
of roller MV data collected in a production area to the target 
roller MV. Based on a survey of European practices, the cali-
bration approach is challenging to implement and requires a 
high level of on-site knowledge (G. Bräu, personal commu-
nication, 2008; D. Adam, personal communication, 2008). A 
complete description of the European specifications is pro-
vided in Section 2.2.   

When Geodynamik first introduced the compaction meter 
and CMV, vibratory drum technology was rudimentary by 
current standards. Vibration was implemented mechanically 
via a two-piece “clamshell” eccentric mass assembly within 
the drum. If rotated in one direction with frequency Ω (rad/
s), the two eccentric masses would join together and provide 
maximum eccentric mass moment m

o
e

o
 and therefore maxi-

mum time-varying centrifugal force F(t) per Equation 2.1. 
If operated in the reverse rotational direction, m

o
e

o
 and F(t) 

would be a minimum. In the 1990s, vibratory roller technol-
ogy became much more sophisticated. Bomag introduced the 
Variocontrol roller with counterrotating eccentric masses and 
servo-hydraulic control of the vertical component of F(t), 
referred to as F

ev
 (see Section 2.2.2.2). Ammann introduced 

the ACE roller with servo-hydraulic two-piece eccentric mass 
moment and frequency control in 1999 (see Section 2.2.1.2). 
Dynapac followed suit with variable eccentric mass moment 
control in 2006 (see Section 2.2.3.2). The remaining roller 
manufacturers use the traditional two-piece and thus two-
amplitude eccentric mass assembly. In the roller community 
the maximum vertical excitation force F

ev
 is commonly re-

ferred to as theoretical amplitude A (see Equation 2.2) and is 
equal to the peak displacement of the drum (with mass m

d
) 

if suspended in air.

    (2.1)

     (2.2)

The introduction of servo-controlled eccentric excitation 
has catalyzed the term intelligent compaction, where the vi-
bratory force amplitude and/or frequency are automatically 
adjusted in an attempt to improve roller performance and 
compaction. Currently, the intelligence in IC is limited. The 
Ammann/Case, Bomag, and Dynapac IC rollers automati-
cally decrease the vertical vibration force when undesirable 
operating conditions are detected (e.g., jump mode). Further, 
some rollers (e.g., Bomag, Ammann/Case) have the ability 
to automatically reduce the eccentric force amplitude when 
a user-defined threshold roller MV has been reached. In a 
broader sense, however, intelligent compaction is in its in-
fancy. Considerable advances in truly intelligent compaction 
are anticipated over the next decade.   

2.1.2  prior Investigations of roller 
vibration and roller-Integrated 
measurement Systems

Roller-integrated measurement of soil properties was initi-
ated within the roller manufacturer community, and there-
fore early literature on the topic is limited. Issues pertaining 
to roller instrumentation and vibration behavior over a broad 
range of operating frequencies and amplitudes have only re-
cently been addressed in the literature (Adam 1996, Adam & 
Kopf 2004, Brandl et al. 2005, Mooney et al. 2005, Rinehart & 
Mooney 2008). Recent experimental data collected with in-
strumented roller compactors (Mooney et al. 2003, Anderegg 
& Kaufman 2004, Adam & Kopf 2004, Mooney & Rinehart 
2007, van Susante & Mooney 2008) have revealed fairly com-
plex nonlinear roller vibration behavior, including loss of 
contact between the drum and soil, drum and frame rocking, 
and chaotic behavior. 

Combined experimental and numerical investigations 
over the past 30 years have shed considerable light on roller-
soil interaction and roller-integrated measurement systems. 
Early modeling efforts by Yoo & Selig (1979, 1980) employed 
a two degrees-of-freedom (DOF) model to represent steady 
state vertical drum and frame kinematics. These early studies 
were able to demonstrate the sensitivity of roller vibration 

table 2.1. Commercially available roller MVs.

Roller MV Manufacturers Drum Vibration Parameters Used for Determining Roller MV

Compaction meter value (CMV)      Dynapac,
Caterpillar,
Hamm,  
Volvo

In the frequency domain, ratio of vertical drum acceleration 
amplitudes at fundamental (operating) vibration frequency and its 
first harmonic

Compaction control value (CCV) Sakai In the frequency domain, algebraic relationship of multiple vertical 
drum vibration amplitudes, including fundamental frequency, and 
multiple harmonics and subharmonics

Stiffness k
s

Ammann,
Case

Vertical drum displacement, drum-soil contact force

Vibration modulus E
vib

Bomag Vertical drum displacement, drum-soil contact force

F t m e t F t( ) cos( ) cos( )= =
o o ev

Ω Ω Ω2

A
m e

m

F

m
= =o o

d

ev

d
Ω2
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to changes in soil stiffness and damping and were used to 
investigate compaction efficiency (e.g., maximizing transmit-
ted force). Decoupling of the drum from the soil (i.e., loss 
of contact, partial uplift) was first experimentally shown and 
predicted through lumped parameter modeling by Quibel 
(1980), Machet (1980), and Kröber (1988). Adam (1996) 
and Anderegg (1998) used lumped parameter modeling to 
characterize the various operational modes of roller vibra-
tion, including nonlinear and chaotic vibration. In addition 
to drum/soil coupled behavior (i.e., full contact through-
out), Adam (1996) characterized both partial loss of contact, 
where the drum decouples from the soil for a portion of each 
loading cycle, and “jump” mode (also referred to as double 
jump), wherein the drum loses contact for more than one 
cycle of vibration at a time (see Figure 2.1). The resulting 
nonlinear signal in jump mode includes a subharmonic at 
one-half the excitation frequency (Adam 1996, Adam & Kopf 
2004). Anderegg (1998) and Anderegg & Kaufmann (2004) 
described jump mode and rocking mode vibration as cha-
otic states. Employing chaos theory, Anderegg showed that 
rocking and jump mode vibration states occur above a cer-
tain centrifugal force and soil stiffness combination (roller 
parameter specific). In current practice, IC roller compactors 
use automatic feedback control of the centrifugal force to 
prevent chaotic motion (e.g., Anderegg & Kaufmann 2004) 
because these motions are harmful to the machines and dan-
gerous for the operator.

van Susante & Mooney (2008) demonstrated through nu-
merical model fitting to experimental data that soil behaves 
nonlinearly during roller vibration. The nonlinearity is at-
tributed to partial loss of contact, curved drum surface, and 
stress-dependent soil modulus. They also demonstrated that 
rocking mode drum vibration occurs within the operating 
frequency range of most rollers and that this drum rocking 
can significantly alter vertical vibration response. In addition, 
a traveling roller interacting with underlying soil heterogene-

ity and employing variable excitation frequencies and ampli-
tudes results in transient behavior that in turn influences the 
measurement systems (van Susante & Mooney 2008).

The coupling of modeling efforts with experimental studies 
has enabled numerous investigations of roller MVs. Mooney 
et al. (2003, 2005) presented the findings from a laboratory, 
field, and numerical modeling investigation into the relation-
ship between roller MVs and soil compaction properties for 
clay, sand, and crushed rock materials. Here, the frequency 
content of the drum acceleration signal—akin to CMV 
and CCV—was explored. Both laboratory and field studies 
showed that soil stiffness and harmonic content-based MVs 
are much more sensitive to the compaction process than is 
measured dry density. Dry density may increase 10% from 
loose deposition to full compaction, whereas laboratory-
measured stiffness and field roller MVs may increase by 
more than 100% (Mooney et al. 2003). This contributes to 
the relative difficulty in correlating roller MVs to dry density 
compared to roller MV versus spot-test modulus. The study 
also showed that roller MVs exhibit much greater sensitivity 
to the compaction of a lift if the underlying (sublift) mate-
rial is stiff. The results of roller-based measurement on soft 
soil indicated that low CMV is insensitive to changes in soil 
properties. 

Adam & Kopf (2004) investigated the relationship between 
roller MV, soil modulus, and eccentric force amplitude (see 
Figure 2.2). Their study revealed how the various operational 
modes are influenced by eccentric force amplitude (referred 
to as relative amplitude in Figure 2.4) and soil modulus. More 
importantly, their study revealed the sensitivity of roller MVs 
to soil modulus within each operational mode. Figure 2.3 il-
lustrates that Ammann k

s
 and Bomag E

vib
 increase fairly lin-

early with soil modulus throughout both continuous contact 
and partial uplift (the most commonly observed field behav-
iors). CMV increases linearly with soil modulus during par-
tial uplift but is insensitive to soil modulus during continuous 
contact (CMV below approximately 10). Figure 2.4 confirms 
the insensitivity of CMV to soil modulus for CMV <10. 

The Adam & Kopf numerical study also showed that roller 
MVs are amplitude dependent (see Figure 2.2). Experimental 
investigations by Kröber et al. (2001), Hartmann (2002), and 
Mooney & Rinehart (2007, 2009) revealed various degrees-
of-amplitude dependence on roller-measured soil stiffness. 
The study by Hartmann also found that E

vib
 decreased with 

increasing roller speed.

2.1.3 Correlation Studies

A number of studies have been performed over the past 
20 years to relate roller MVs to spot-test measurements (e.g., 
density, PLT modulus, LWD modulus). Floss et al. (1991) Figure 2.1. Observed modes of vibratory roller op-

eration (from Adam & Kopf 2004).
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Figure 2.2. Relative roller MVs depending on soil stiffness (from Adam & Kopf 2004).

Figure 2.3. Sensitivity of roller MVs to soil modulus (from Adam & Kopf 2004);  kB = ks.
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reported dozens of correlations between CMV and PLT 
moduli E

V1
 and E

V2
 as well as between CMV and density (or 

% compaction) for coarse-grained, mixed, and fine-grained 
soils. The resulting regressions were found to be linear and 
sometimes nonlinear. Their results revealed higher correla-
tion coefficients from CMV to PLT modulus correlation than 
from CMV to density correlation. The reason for this, they 
concluded, is that the measurement depth of the PLT is closer 
to that of CMV than is the measurement depth of density 
tests (sand cone, nuclear gauge). They found that roller MV 
is influenced by moisture content for fine-grained soils. Spe-
cifically, at a constant density, MV was found to increase with 
decreasing moisture content. 

Kröber et al. (2001) investigated the relationship between 
Bomag E

vib
 and PLT moduli E

V1
 and E

V2
 during field testing on 

a silty gravel. Their results showed a strong linear correlation 
between E

vib
 and both E

V1
 and E

V2
 (R2 > 0.9). Their results also 

showed that E
vib

 was equivalent in magnitude to E
V1

 during 
early compaction passes and nearly equal to E

V2
 at full com-

paction. Hartmann (2002) explored the correlation between 
E

vib
 and PLT moduli E

V1
 and E

V2
 as well as the influence of 

eccentric amplitude on the correlations. Hartman found no 
E

vib
 amplitude dependence on a soft silty soil but significant 

amplitude dependence for a gravelly sand soil. 
Preisig et al. (2006) explored the correlation of Ammann 

k
s
 to E

V1
 and E

V2
 using more than a dozen data sets from 

sandy gravels. As shown in Figure 2.5, when the results from 
eight sandy gravel sites are combined, the resulting k

s
 versus 

E
V
 correlations are quite good. Visually, the correlations for 

individual soils are not as evident. The research found that 
if only data near the fully compacted state were used (as de-

fined by M
e2

/M
e1

 = E
V1

/E
V2

 < 3.5), the correlations improved 
considerably. Based on these data, they called into question 
the European calibration approaches that use data from low-, 
medium-, and full-compacted states. Based on their gravel 
data sets, Preisig et al. argued that a correlation can be de-
veloped by using measurements on fully compacted material 
and assuming that the linear regression line passes through 
the origin. 

Bräu et al. (2004) attempted to develop universal regres-
sion relationships using roller MV and spot-test measure-
ment data from dozens of sites. They divided results by soil 
type (granular, mixed grain, cohesive), by layered versus ho-
mogeneous [i.e., >1.5-m (4.9-ft)-thick] conditions, and by 
roller vibration amplitude (high and low) used during mea-
surement. Their results revealed significant scatter. Bräu et al. 
concluded that the approach is possible but that there was too 
much uncertainty in the variables of the archived data.

    Mooney et al. (2003, 2005) performed a study to cor-
relate harmonics-based roller MVs (CMV, CCV) to spot-test 
measurements (dry density, dynamic cone penetrometer) 
for sand subgrade soil and crushed rock base material. Their 
work showed that strength of the correlation and sensitivity 
of the roller MV improved significantly if the sublift material 
was stiffer. Petersen (2005) found poor correlations between 
E

vib
 and spot-test measurements and attributed the results to 

stress dependency of soil modulus and inherent soil hetero-
geneity that affects roller MVs differently than in situ tests. 
White & Thompson (2008) performed a study to correlate 
CMV to spot test measurements—dry unit weight, dynamic 
cone penetrometer (DCP) index, Clegg impact value (CIV), 
and LWD modulus—for five cohesionless base materials 

Figure 2.4. Empirical relationship between CMV and EV2 illustrating the insensitivity of CMV to Ev2 
for CMV<10 (results and figure courtesy of Dynapac).
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multiple linear regression analyses between MVs (CMV or 
MDP, both from a Caterpillar roller), moisture content, and 
spot test measurements (density, DCP index, CIV, or E 

LWD
). 

Testing was performed on an A-1-b soil. Spot testing was per-
formed after passes 1, 2, 4, 8, and 12 on three lanes. Regres-
sion relationships between both MVs and DCP index, CIV 
and E

LWD
 each exhibited R2 between 0.85 and 0.95. The R2 for 

the regression relationship for density varied between the two 
different MVs, with CMV having R2 = 0.68 and MDP having 
R2 = 0.92. 

White et al. (2008a) conducted a field investigation to cor-
relate Caterpillar CMV to spot test measurements. Acceptable 
correlations were found between CMV and DCP index and 
between CMV and dry unit weight. No correlation was found 
between CMV and E

LWD
. Thompson et al. (2008) performed 

correlation analysis between Ammann k
s
 and measurements 

from various spot-test methods. R2 values were between 0.3 

through linear regression analysis. Data were collected over 
the entire compaction range for each base material. By av-
eraging the data over a uniform area for each compaction 
state, high correlation was observed (R2 > 0.90 for 20 of 28 
correlations). 

The relationships between Ammann k
s
 and spot-test mea-

surements were investigated by White et al. (2007). The cor-
relations observed for subgrade and subbase soils were found 
to depend heavily on the range of compaction states over 
which the soil was tested. For subgrade soil, k

s
 was found to 

be linearly proportional to LWD modulus E
LWD

 and CIV and 
showed a power-function relationship with DCP index. For 
one test area comprised of subgrade material, a test roller was 
used to evaluate k

s
 output and in situ test results. k

s
 was re-

lated to rut depth through a linear relationship for k
s
 ranging 

from 10 to 35 MN/m and rut depths ranging from 10 to 60 
mm (0.4 to 2.4 in). Thompson & White (2007) performed 

Figure 2.5. Correlations between Ammann ks and PLT moduli. Note: Me1 = EV1, Me2 = EV2. Top plots show 
all data; bottom plots show data for Me2 /Me1 = EV1 /EV2  < 3.5 (from Preisig et al. 2006).
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and 0.8, depending on the spot test being correlated (dry unit 
weight, E

V1
, E

LWD
, CIV

4.5-kg
, DCP index) on A-6(9) subgrade 

material. It was found that k
s
 was dependent on the moisture 

content of the subgrade soil (R2 = 0.61). Correlations were 
also examined on A-1-b soil but were not found. This was 
attributed to the small range of k

s
 values (30 to 40 MN/m) 

observed in this test area.
Rahman et al. (2008) investigated the relationship between 

Bomag E
vib

 and spot-test measurements. For two sandy soils, 
they concluded there was no clear correlation between E

vib
 

and modulus determined from LWD, FWD, Geogage, or DCP. 
The authors attributed the poor correlations to differences 
in measurement depth. Though not mentioned as a reason 
for the poor correlations, these investigators used variable 
control IC to gather E

vib
 data. As described above and herein, 

roller MVs can be strongly amplitude dependent. Rahman et 
al. found that E

vib
 was sensitive to moisture.

2.1.4  prior Investigations of measurement 
depth of IC/CCC rollers

A review of the literature reveals limited results regarding 
the measurement depth of an IC or CCC roller (i.e., the depth 
to which an MV is representative). Two experimental stud-
ies and one numerical study provide some insight. Several 
other general statements are made about measurement depth 
but are not substantiated with theory, experimental results, 
or references to other literature. Floss et al. (1991) present 
the results of a study in which soft mattresses were buried in 
granular soil at four depths to 1.2 m (3.9 ft). Once the excava-
tions were refilled and fully compacted, several different roll-
ers were operated along the track containing the mattresses. 
The study concluded that measurement depth for low- versus 
high-vibration amplitudes was difficult to interpret but that 
measurement depth increased with increasing roller static 
weight. The following guidelines were proposed as a result 
of this study and now appear in the ISSMGE-recommended 
CCC specifications (Adam 2007; see Section 2.3.2 below):

•	 For 2-ton rollers the approximate measurement depth is 
0.4 to 0.6 m (1.3 to 2.0 ft),

•	 For 10-ton rollers the approximate measurement depth is 
0.6 to 1.0 m (2.0 to 3.3 ft),

•	 For 17-ton rollers the measurement depth is greater than 1 
m (3.3 ft).

For reference, common highway construction smooth drum 
and pad foot vibratory rollers—those used in this study—are 
11- to 15-ton rollers. In addition to the mattress study, Floss 
et al. (1991) describe a two-layer study in which a layer of 
sandy gravel material was compacted above a stepped em-
bankment of sandy silt material, resulting in three discrete 

layers of thickness for the sandy gravel (stiff) above the sandy 
silt (soft). They conclude that the results agree with those 
from the mattress study.

Brandl & Adam (2000) do not present any results of theo-
retical or experimental investigations regarding measurement 
depth but do state that “measurement depth depends on 
static load of the drum, vibration amplitude and frequency 
and also the soil.” The following standardized values for mea-
surement depth are recommended in Brandl & Adam:

•	 For 2-ton rollers the measurement depth is approximately 
0.4 to 0.6 m (1.3 to 2.0 ft),

•	 For 10-ton rollers the measurement depth is approximately 
0.6 to 0.8 m (2.0 to 2.6 ft),

•	 For 12-ton rollers the measurement depth is approximately 
0.8 to 1.5 m (2.6 to 4.9 ft).

Anderegg & Kaufmann (2004) state that it is commonly 
accepted that 0.1 mm (0.004 in) of vertical drum vibration 
amplitude equates to 0.1 m (0.33 ft) of measurement depth; 
however, no theoretical or experimental justification is given. 
Classical foundation settlement analysis forms the underpin-
nings for this rule of thumb, but it has not been rigorously 
analyzed or validated experimentally (R. Anderegg, personal 
communication, 2008).

Brandl et al. (2005) present the results of another study in-
volving rolling over buried mattresses. Mattresses were placed 
on an existing grade, and layers of sandy gravel material were 
placed and compacted above the mattresses with a 13-ton vi-
bratory roller, eventually to a height of 1.05 m (3.40 ft). The 
authors conclude that the measurement depth of the roller 
at medium amplitude was 2.1 m (6.9 ft) in the sandy gravel 
material. Kopf & Erdmann (2005) performed finite element 
analysis of a 13-ton vibratory roller on stratigraphies of soft 
over stiff soil and stiff over soft soil. Their results indicate that 
measurement depth increased from about 0.7 to 1.4 m (2.3 to 
4.6 ft) for stiff soil over soft soil and from about 0.6 to 1.2 m 
(3.9 ft) for soft soil over stiff soil, as the vibration force ampli-
tude increased from low to high, 95 to 365 kN (21 to 82 kip).

2.1.5  Studies Utilizing In Situ Stress-Strain 
Instrumentation

A review of the literature regarding the use of in-ground 
instrumentation to monitor the response and behavior of soil 
due to vibratory compaction yielded limited results, possi-
bly due to the difficulties and costs associated with installing 
and securing accurate results from in-ground instrumenta-
tion. Brandl & Adam (2000) measured vertical stress and 
displacement induced by a 13-ton vibratory roller at three 
depths—15, 50, and 85 cm (6, 20, and 33 in)—in a granular 
material. No discussion of in-ground sensor calibration or 
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Ping et al. (2002) present roller-induced vertical stress data 
at three depths in a fine sand material. The study used 230-
mm (9-in)-diameter Geokon earth pressure cells (EPCs), but 
no discussion of the calibration or placement procedures is 
provided. The results show peak stresses during compaction 
by a typical vibratory soil roller operating at 1.7 mm (0.07 
in), with a theoretical vibration amplitude of 330 and 170 
kPa (47.9 and 24.7 psi) at a depth of 0.23 and 0.4 m (9 and 
16 in), respectively. For 0.8-mm (0.03-in) theoretical vibra-
tion amplitude by the same roller, the peak stresses were 190 
and 110 kPa (27.6 and 16.0 psi) at a depth of 0.28 and 0.56 m 
(11 and 22 in), respectively. The study also showed a decrease 
in vertical stress with increasing roller forward velocity and 
little to no change in vertical stress with increasing number 
of roller passes. It should be noted that in-ground sensor data 
could be unreliable before the soil is fully compacted as the 
sensor calibration depends on the density of the surrounding 
material (see Chapter 4 and Appendix D).

D’Appolonia et al. (1969) installed vertical stress cells at 
depths of 0.3, 0.45, 0.6, 1.2, and 1.8 m (12, 18, 24, 47, and 
71 in) and horizontal stress cells at a depth of 0.6 m (24 in) 
in a poorly graded dune sand. Two towed (usually towed 
by a dozer) roller compactors were used, weighing 6.25 and 
3.15 tons and operating at 27.5 and 19 to 30 Hz, respectively. 
Maximum dynamic vertical stresses (i.e., static component 
removed) under the 6.25-ton roller at depths of 0.3, 0.45 0.6, 
1.2, and 1.8 m (12, 18, 24, 47, and 71 in) were observed to be 
103, 76, 62, 28, and 21 kPa (14.9, 11.0, 9.0, 4.1 and 3.1 psi), re-
spectively, and were observed to be independent of the num-
ber of roller passes. Dynamic horizontal stress data are not 
presented; however, these data are said to be independent of 
the number of roller passes. Static horizontal stress (i.e., due 
to overburden and residual stresses due to compaction) data 
are presented in terms of the coefficient of horizontal earth 
pressure K

o
 defined as the ratio of horizontal to vertical stress. 

K
o
 values at a depth of 0.6 m (24 in) for a TB compacted with 

the 6.25-ton roller in the direction parallel to the roller path 
range from about 0.8 to 1.1 and tend to increase with the 
number of roller passes. K

o
 values for a TB compacted with 

the 6.25-ton roller at a depth of 0.6 m (24 in) in the direction 
perpendicular to the roller path range from about 0.8 to 2.75 
and also tend to increase with the number of roller passes. K

o
 

values are generally lower for TBs compacted with the 3.15-
ton roller and tend to increase with both number of roller 
passes and increasing frequency of vibration.

2.1.6 geostatistical Studies

Grabe (1994) performed spatial analysis of CMV maps 
using a spectral density approach. Aside from a dominant 
wavelength in the data at a distance equal to the circumference 
of the drum that he attributed to soil sticking to the drum, 

placement procedures is presented. Values for vertical stress 
are not given; rather the results are presented as a percent-
age of the maximum measured value, which occurred at a 
depth of 15 cm (6 in) under high-vibration amplitude. For 
the high-amplitude pass, the roller operated in jump mode, 
and the peak stresses at 50 and 85 cm (20 and 33 in) were 
observed to be about 75% and 25% of the maximum, respec-
tively. For the low-amplitude pass the roller operated in con-
tact mode and the peak stresses at 15, 50, and 85 cm (6, 20, 
and 33 in) were observed to be about 70%, 30%, and 10% of 
the maximum, respectively. For the low-amplitude pass, the 
displacements at 15, 50, and 85 cm (6, 20, and 33 in) were 
observed to be about 8, 1.75, and 0.4 mm (0.31, 0.07, and 0.02 
in), respectively. For the high-amplitude pass, the displace-
ments at 15, 50, and 85 cm (6, 20, and 33 in) were 13, 2.5, and 
0.7 mm (0.51, 0.10, and 0.03 in), respectively. A phenomenon 
called the bow-wave effect, in which the soil in front of the 
drum experiences vertical extension before being compressed 
as the drum traverses over it, is observed at all three depths 
during both high- and low-amplitude passes. It is also shown 
that some roller passes result in permanent compressive dis-
placements (i.e., compaction), whereas other passes result in 
permanent extension (i.e., loosening).

Brandl et al. (2005) present the results of a similar study de-
signed to measure stress and displacement at several depths. 
Two different rollers were used. No discussion of in-ground 
sensor calibration or placement procedures is presented. 
Roller-induced vertical stress is presented at a depth of 0.4 m 
(16 in) in a sandy gravel and at a depth of 0.35 m (14 in) in a 
clayey silt. Vertical displacement is presented at 0.1 m (4 in) 
in both the sandy gravel and clayey silt. Peak vertical stresses 
at 0.4 m (16 in) in the sandy gravel varied from 225 to 650 
kPa (32.6 to 94.3 psi) across the range of amplitudes tested. 
The roller operated in contact mode for low-amplitude set-
tings, partial loss of contact mode for medium-amplitude 
settings, and jump and rocking modes for high-amplitude 
settings. The peak vertical displacements at a depth of 0.1 m 
(4 in) in the sandy gravel were 1.7 and 3.25 mm (0.07 and 
0.13 in) for low- and high-amplitude settings, respectively. In 
the clayey silt material, peak stresses at a depth of 0.35 m (14 
in) were observed to range between 120 and 200 kPa (17.4 to 
29.0 psi) for the range of low to high amplitudes. The roller 
operated in contact mode for all amplitudes. The peak verti-
cal displacements at a depth of 0.1 m (4 in) in the clayey silt 
were about 10.5 and 19 mm (0.41 and 0.75 in) for low- and 
high-amplitude settings, respectively. It is noteworthy that 
the clayey silt TB was built in one day and that all testing 
was done on the following day. Even though the TB was fully 
compacted the first day, the first roller pass of the second day 
resulted in a permanent displacement of nearly 5 mm (0.20 
in). Permanent settlements were very small or nonexistent 
after this first pass.
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Grabe concluded that there were no patterns in the roller MV 
data maps. Grabe found that CMV values at close distances 
were correlated, and he concluded that the data had an infinite 
correlation length (limited by the sample size of the data).

Petersen et al. (2007) examined why and how geostatistics 
could be used with CCC rollers. They concluded that the var-
iogram parameters could be very useful. Peterson et al. found 
the variogram of roller MV data to be directionally depen-
dent (i.e., anisotropic) and only used data in the driving di-
rection. They proposed that roller MVs that change by more 
than the nugget over short distances suggest possible problem 
areas. White et al. (2008b) further examined variogram prop-
erties and how they could be used for earthwork compaction 
QA. They concluded that the range could be used as a win-
dow size for QA analysis and that the sill could be used as a 
target for uniformity of the data. They concluded there was 
anisotropy but that it can be ignored due to the high density 
of the data. 

2.2	 	State	of	Current	and	
Emerging	IC	Equipment

The primary manufacturers of CCC and/or IC soil rollers 
include Ammann (offered under the Case name in the United 
States and referred to hereafter as Ammann/Case), Bomag, 
Caterpillar, Dynapac, Volvo (formerly Ingersoll Rand), Sakai, 
and Hamm. Ammann/Case, Bomag, Caterpillar, Dynapac, 
and Sakai rollers were in this study and are described fur-
ther here. As summarized in Table 2.2, all manufacturers offer 
roller-integrated measurement systems. The six roller MVs 
used in practice include (1) CMV, developed by Geodynamik 
and used by Dynapac, Caterpillar, and Volvo; (2) CCV, a de-
rivative of CMV developed by Sakai; (3) stiffness E

vib
, devel-

oped and used by Bomag; (4) stiffness k
s
, developed and used 

by Ammann/Case; and (5) machine drive power (MDP), 
developed and used by Caterpillar. CMV, CCV, k

s
, and E

vib
 

require vibration and thus are applicable only on vibratory 
rollers. MDP does not require vibration but can be employed 
on vibratory rollers. The roller-integrated measurement sys-
tems, feedback control, and GPS-based documentation for 
each manufacturer’s IC rollers are described in the following 
sections.

2.2.1  ammann/Case

2.2.1.1  Measurement Value

The Ammann ACE Plus system calculates soil stiffness 
k

s
 once per cycle of vibration. The measurement system is 

thoroughly described in Anderegg (1998) and Anderegg & 
Kaufmann (2004) and is briefly described here. To best un-
derstand k

s
 the basic vibration of the drum/soil system must 

be considered. Figure 2.6 shows a schematic of a roller and 
a two DOF model representing the vertical kinematics of 
the drum-frame system (Figure 2.6b), where m

d
 and m

f
 are 

the drum and frame masses, respectively; z
d
 and z

d
 are the 

drum displacement and acceleration, respectively; m
o
e

o
 is the 

eccentric mass moment; and Ω is the excitation frequency. 
Here, the soil is represented with a spring-dashpot Kelvin-
Voigt model.

The resulting free body diagram (Figure 2.6c) shows the 
drum/soil contact force F

s
 comprised of four elements: drum 

inertia, frame inertia, eccentric force, and machine weight. 
Ammann determines drum inertia and eccentric force via 
measurement of vertical drum acceleration and eccentric 
position (frame inertia is neglected). 

The resulting equation of motion is a second-order differ-
ential equation. The vertical drum displacement amplitude 
z

d
 is determined via spectral decomposition and integra-

tion of the measured peak drum accelerations (Anderegg & 
Kaufmann 2004). Solving this equation for k

s
 when the drum 

velocity is zero (i.e., down-most position) yields Equation 

table 2.2. Summary of CCC and IC equipment investigated (as of August 2008).

Roller Manufacturer

Intelligent Compaction Features

Roller-Integrated Measurement
Automatic Feedback  
Control of: GPS-Based Documentation

Ammann/Case Stiffness k
s

Eccentric force, amplitude, and 
frequency 

Yes

Bomag Stiffness E
vib

Vertical eccentric 
force amplitude 

Yes

Caterpillar MDP, CMV
C

None Yes
Dynapac US CMV

D
Eccentric force amplitude Yes

Volvo CMV
V

None No
Sakai America CCV None Yes
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2.2.1.2   Feedback Control

The Ammann ACE Plus eccentric assembly (shown in Fig-
ure 2.8) is comprised of outer and inner masses. The angle 
between the two masses, θ, is computer controlled and can 
be adjusted through a differential gear to provide maximum 
eccentric force (θ = 0°), zero eccentric force (θ = 180°), and 
any eccentric force in between (0° < θ < 180°). The maxi-
mum eccentric mass moment m

o
e

o
 and associated theoreti-

cal drum displacement amplitude A for the Ammann model 
ASC 110/130 are 8.8 kg-m (63.7 lb-ft) and 2.2 mm (0.09 in), 
respectively. The ACE Plus system performs closed-loop feed-
back control of drum/soil contact force F

s
. Three operator-

selected levels of F
s
 are possible: 

•	 Low force: F
s(max)

 = 14 kN (3.1 kip), leading to measured z
d
 

= 0.4 to 1.5 mm (0.02 to 0.06 in);
•	 Medium force: F

s(max)
 = 20 kN (4.5 kip), leading to mea-

sured z
d
 = 1.0 to 2.0 mm (0.04 to 0.08 in); 

•	 High force: F
s(max)

 = unlimited, leading to measured z
d
 = 2.0 

to 3.0 mm (0.08 to 0.12 in).

 With a selected force level, the roller adjusts the eccen-
tric mass moment to maintain the F

s(max)
. The excitation fre-

quency is adjusted to maintain a phase lag φ between 140° 
and 160°. For high-force levels, the frequency required to 
maintain the appropriate φ is 23 to 25 Hz. As the amplitude 
decreases, the frequency required to maintain the appropriate 
φ is higher—up to 35 Hz. 

The ACE Plus system can also use a user-specified k
s
 value 

as the control parameter. In the so-called plate modulus mea-
surement mode, a limit value for k

s
 is selected. When the pre-

2.3, where φ is the phase lag between the eccentric force and 
drum displacement. The Ammann k

s
 is effectively the ratio of 

F
s
 to maximum vertical drum displacement z

d(max)
 and occurs 

when the velocity equals zero (see Figure 2.7). 

k m
m e

zs d
o o

d

= +












Ω2 cos( )φ
      (2.3)

Accordingly, k
s
 can be determined from measured drum 

acceleration and phase lag. The accuracy of Ammann mea-
surement data is as follows: ∆z

d 
= 0.001 mm (0.00004 in); ∆φ 

= 0.5°; ∆Ω	= 0.31 rad/s (∆f = 0.05 Hz) (R.  Anderegg, personal 
communication, 2007). 

Figure 2.6. (a) vibratory compactor schematic; (b) two DOF model representation of vibra-
tory compactor; (c) free body diagram of forces acting on the drum.

Figure 2.7. Illustration of ks during (a) contact and (b) 
partial loss of contact.
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determined value of k
s
 is reached, the ACE Plus system auto-

matically decreases the eccentric mass moment to 0.5 F
s(max)

 
for the range chosen. In addition, the ACE Plus system calcu-
lates an optimal speed based on a desired impact spacing of 
2 to 4 cm (0.8 to 1.6 in). The operator can use a gauge in the 
roller cab to perform open-loop control of speed. Finally, the 
ACE Plus system monitors for unstable rocking or jumping 
(primarily through analysis of subharmonics) and automati-
cally decreases the eccentric mass moment until stable opera-
tion is restored. 

2.2.1.3   GPS-Based Mapping and Documentation 
Software

The ACE Plus software (see Figure 2.9) marries k
s
 data with 

x, y, and z coordinates collected via onboard GPS equipment. 
Using differential GPS with real-time kinematic (RTK), 
Ammann indicates accuracies are ±10 cm (3.9 in). Without 
a reference signal (e.g., base station), the system has an ac-
curacy within a few meters. Though k

s
 is determined for each 

vibration cycle (and with an x-direction resolution of 2 to 4 
cm [0.8 to 1.6 in]), GPS coordinates are acquired once per 
second (once per 1 to 3 m [3.3 to 9.9 ft]). Currently, the ACE 
Plus system collects k

s
 data each cycle and reports an average 

k
s
 with GPS data at a frequency of 1 Hz. Ammann indicates 

that the time resolution in seconds is inversely proportional 
to the number of GPS receivers (e.g., three receivers will give 
a time resolution of 0.33 s). Roller MV reporting is discussed 
in more detail in Section 3.1.

Housed within a tablet PC onboard computer, the ACE 
Plus software maps a number of roller parameters in graphi-
cal view, as shown in Figure 2.9a. Data are downloaded from 
the onboard PC in text file format via USB memory stick. 
The data can be evaluated with any program. Ammann also 
provides PC-based software (Figure 2.9b).  

2.2.2 Bomag variocontrol System

2.2.2.1  Measurement Value

The Bomag Variocontrol system calculates a “vibration 
modulus” E

vib
 using lumped parameter vibration theory and 

cylinder on elastic half-space theory. The principle behind 
E

vib
 is presented in Kröber et al. (2001) and is briefly described 

here. To determine E
vib

 the drum/soil assembly is modeled as 
shown in Figure 2.6. Bomag uses constant frequency com-
paction, with Ω = 176 rad/s (f = 28 Hz). Bomag uses two ac-
celerometers with measurement axes arranged at ±45° from 
vertical to measure vertical drum acceleration. Phase lag is 
calculated (specific method is confidential information), 
enabling determination of the contact force F

s
 per equilib-

rium of forces shown in Figure 2.6. The drum displacement 
is computed (confidential information). The combination of 
F

s
 and z

d
 data yield force-deflection curves from which soil 

stiffness can be extracted (Figure 2.10).
Along the way to determining E

vib
, Bomag calculates a se-

cant stiffness k from the compression portion of each F
s 
ver-

sus z
d
 cycle (Figure 2.10). To relate the measured F

s
 versus z

d
 

behavior and stiffness k to modulus E, Bomag utilizes a theo-
retical solution for a rigid cylinder resting on a homogeneous, 
isotropic, elastic half-space (see Figure 2.11) developed by 
Lundberg (1939). Lundberg’s theory is a static solution and 

Figure 2.8. Two mass eccentric assembly  (courtesy of 
Ammann).
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Figure 2.9. (a) Ammann ACE Plus onboard tablet PC and software;  (b) office PC software (courtesy of Ammann).

Figure 2.10. Contact force–drum displacement behavior, Fs = FB (adapted from Kröber et al. 2001).

Figure 2.11. Drum on elastic half-space and relationship between stiffness k and modulus E (adapted from van 
Susante & Mooney 2008).
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relates z
d
, F

s
, drum length L, and radius R to Poisson’s ratio ν 

and Young’s modulus E of the half-space as shown in Equa-
tion 2.4:

  (2.4)

where b is the contact width as given by:

b
R v

E L
F

s
=

× ×( )
× ×

×
16 1 2–

π
 (2.5)

Bomag uses ν = 0.25 for soil. The nonlinear relationship 
between stiffness k and E is shown in Figure 2.11. The Vario-
control system determines the appropriate E (referred to as 
E

vib
) via a fitting approach.

2.2.2.2  Feedback Control

The Bomag Variocontrol system uses a counterrotating ec-
centric mass assembly that is directionally vectored to vary 
the vertical excitation force (Figure 2.12). The counterrotat-
ing masses each create a centrifugal force. When the masses 
are opposite each other in their rotation cycles, the centrifu-
gal force and thus the eccentric force are zero. Conversely, 
when the counterrotating masses pass each other, the eccen-
tric force is maximum. The Variocontrol system rotates the 
entire counterrotating mass assembly to control the vector 
angle α at which maximum and minimum eccentric forces 
occur. Figure 2.12 illustrates this concept. As a result, when the 
Variocontrol system provides maximum vertical excitation 
(maximum drum displacement amplitude), the horizontal 
excitation is zero. Conversely, when the vertical excitation is 
zero (minimum drum displacement), the horizontal excita-
tion is maximum. Accordingly, when rewritten to account for 
vectoring, Equation 2.1 appears as Equation 2.6:

F t m e t F t( ) sin( )cos( ) cos( )= =
o o ev

Ω Ω Ω2 α  (2.6)

The Variocontrol system allows the operator to preselect 
from six maximum theoretical drum displacement ampli-
tude options (and corresponding vector angles): 0, 0.6, 1.2, 
1.7, 2.1, and 2.5 mm (0, 0.024, 0.047, 0.067, 0.083, and 0.098 
in). Within a maximum amplitude setting, the Variocontrol 
system begins operation at the vector angle α corresponding 
to maximum amplitude until the target E

vib
 value is reached. 

Once reached, the vector angle is decreased in the areas where 
the target E

vib
 has been reached [to a theoretical amplitude = 

0.4 mm (0.016 in)]. Figure 2.13 illustrates this principle. The 
Variocontrol system also allows for manual mode operation 

Figure 2.12. Bomag counterrotating eccentric mass 
assembly and vectoring of assembly to vary vertical 
eccentric force (courtesy of Bomag).

Figure 2.13. Principle of variable-amplitude system 
(courtesy of Bomag).

z
v

E

F

L

L

bd
s= ×

×
× × +







2 1
18864

2( – )
. ln

π

Intelligent Soil Compaction Systems

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22922


��   

1980. CMV is defined as the ratio of the second harmonic of 
the vertical drum acceleration frequency domain amplitude 
A

2Ω (operating frequency Ω) divided by the first harmonic of 
the vertical drum acceleration frequency domain amplitude 
AΩ multiplied by a constant c (typically 300; see Equation 
2.7).

CMV 2= c
A

A
Ω

Ω

    (2.7)

A sister parameter called the resonance meter value (RMV) 
is defined by the ratio of the 0.5Ω subharmonic acceleration 
amplitude to the first harmonic. Subharmonic content occurs 
when the drum begins to jump. CMV is determined by first 
performing spectral analysis of the measured vertical drum 
acceleration over two cycles of vibration (Figure 2.15). The 
reported CMV is the average of a number of two-cycle calcu-
lations. Geodynamik typically averages over 0.5 s; however, 
this is customized to meet the manufacturer’s needs. For ex-
ample, the Dynapac Compaction Meter reports CMV every 
1.0 s, implying that the reported CMV is an average of ap-
proximately 15 two-cycle calculations values. CMV precision 
is governed by 1% distortion resolution of the accelerometer. 
Per Equation 2.7, 1% acceleration distortion equates to CMV 
= 3 or ± 1.5. 

2.2.3.2  Feedback Control

The Dynapac Compaction Optimizer (DCO) performs 
feedback control of the eccentric excitation force (and thus 
theoretical amplitude) to prevent jumping. As shown in Fig-
ure 2.16, a dual-mass eccentric configuration is used to pro-

in one of the six maximum amplitude settings. In manual 
mode the vector angle corresponding to the selected maxi-
mum amplitude remains constant throughout operation. 
Because there is theoretically no vertical vibration in setting 
1 (amplitude = 0 mm), E

vib
 is not measured. In Variocon-

trol mode the minimum amplitude for which E
vib

 is reported 
is 0.4 mm (0.016 in). Finally, the Variocontrol monitors for 
jumping and automatically decreases F

ev
 until stable opera-

tion is restored. 

2.2.2.3   GPS-Based Mapping and Documentation 
Software

Bomag’s documentation system (ΒCM 05) includes a tablet 
PC, mobile software, and a USB memory stick for data trans-
fer (see Figure 2.14). A screenshot from the Bomag software 
is also illustrated in Figure 2.14. Bomag can accept any GPS 
receiver capable of providing GGA or PJK data via RS232 in-
terface. Bomag has also used a correction service (e.g., Omni-
star, Starfire) with reported accuracies of ±10 to 50 mm (0.4 
to 2 in). Bomag has used 10-Hz GPS receivers. The E

vib
 at the 

sampled GPS coordinates is reported and stored; additional 
data averaging is not performed.

2.2.3  dynapac Compaction analyzer and 
Compaction optimizer

2.2.3.1  Measurement Value

The Dynapac Compaction Meter uses the CMV as a mea-
sure of the level of compaction. The CMV was developed by 
Geodynamik in the 1970s and introduced commercially in 

 Figure 2.14. Bomag documentation system (images courtesy of Bomag).
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Figure 2.15. Method to determine CMV involves spectral analysis (b) of two cycles of vertical drum 
acceleration time history data (a). 

Figure 2.16. Overview of Dynapac’s Compaction Optimizer (DCO) (courtesy of Dynapac).
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Figure 2.16. Overview of Dynapac’s Compaction Optimizer (DCO) (courtesy of Dynapac).

tor the current position of the machine and to position the 
measured values. 

Since the DCA produces a CMV every 1.0 s, the spatial 
resolution of recorded data depends on the roller speed used 
for measurement. Dynapac recommends a speed of approxi-
mately 1.0 m/s (3.3 ft/s), which provides an x-direction spa-
tial resolution of 1.0 m (3.3 ft). The y-direction resolution is 
the width of the drum [typically 2.13 m (7.0 ft)]. Data can be 
exported from the field computer as a text file to be imported 
for further analysis. Paper printouts can be created for further 
documentation. The DCA software is available in an office 
version, so all preparations can be made and the final data 
can be analyzed. 

2.2.4 Caterpillar

2.2.4.1  Measurement Values

Caterpillar uses the Geodynamic CMV measurement sys-
tem. In addition, Caterpillar uses MDP. The use of MDP as 
a measure of soil compaction is a concept originating from 
study of vehicle-terrain interaction (see Bekker 1969). MDP 
uses the concepts of rolling resistance and sinkage to deter-
mine the stresses acting on the drum and the energy nec-
essary to overcome the resistance to motion (Figure 2.18). 
MDP is calculated as:

 MDP
g

= +






+P WV
a

g
mV b– sin –( )θ    (2.8)

where P
g
 is the gross power needed to move the machine, W 

is roller weight, a is machine acceleration, g is acceleration of 
gravity, θ is slope angle (roller pitch), V is roller velocity, and 
m and b are machine internal loss coefficients specific to a 

vide any theoretical amplitude between 0 and 2 mm (0 to 
0.078 in). The DCO maintains a vibration frequency of 28 
Hz. Jumping is prevented by monitoring the RMV. When a 
threshold RMV is approached, the amplitude is reduced ac-
cordingly. The DCO allows operation in one of six automatic 
settings, with maximum amplitudes of 0.40, 0.65, 0.90, 1.40, 
1.80, and 2.00 mm (0.016, 0.026, 0.035, 0.055, 0.071, and 
0.079 in). During operation the DCO continuously compares 
the measured RMV with the threshold RMV. If the measured 
RMV is less than the threshold RMV, the roller is operated 
at its maximum amplitude (e.g., 0.40, 0.65 mm). Otherwise, 
the amplitude is reduced accordingly. Dynapac does not cur-
rently use feedback control based on CMV. 

2.2.3.3    GPS-Based Mapping and Documentation 
Software

The Dynapac Compaction Analyzer (DCA) and accompa-
nying field computer registers all pertinent roller data (e.g., 
CMV, pass number, amplitude, frequency, GPS coordinates) 
with presentation in graphical format for the operator (Figure 
2.17). The DCA is compatible with any GPS receiver brand as 
long as the correct National Marine Electronics Association 
(NMEA) messages are available. Dynapac has used differen-
tial GPS (DGPS) receivers with submeter accuracy for x and y 
coordinates. RTK receivers have been used with better results. 
Dynapac has also used satellite correction via Omnistar. The 
DCA records the z coordinate; however, with DGPS the ac-
curacy is normally less than the layer thickness and is thus 
not displayed. The DCA software records all compaction data 
in local coordinates via local transformation between world 
geodetic system (WGS 84) and the local grid. The DCA also 
utilizes the road alignment parameters to show the opera-

Figure 2.17. Dynapac onboard software and PC (courtesy of Dynapac).
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particular machine (White et al. 2006). The second and third 
terms of Equation 2.7 account for the machine power associ-
ated with sloping grade and internal machine loss, respec-
tively. Therefore, MDP represents only the machine power 
associated with material properties.

Prior to its use, MDP is calibrated for θ, m, and b (see Equa-
tion 2.7). First, the orientation of the roller pitch sensor is 
found by noting the pitch readings when the roller is parked 
on the same sloping surface facing uphill and downhill. The 
average of these two readings is the pitch offset applied to all 
later sensor readings. The internal loss coefficients m and b 
are then found by operating the roller on a relatively uniform, 
unchanging calibration surface. P

g
 and slope compensation 

(i.e., the second term of Equation 2.7) are monitored while 
operating the roller in both forward and reverse directions 
at the range of roller speeds anticipated during construction 
operations, generally 3 to 8 km/h (1.9 to 5.0 mph). At each 
roller speed the difference between P

g
 and slope compen-

sation is taken as the internal machine loss. Plots of slope-
compensated machine power versus roller speed provide 
linear relationships from which the internal loss coefficients 
m and b are calculated. By incorporating both slope compen-
sation and internal machine loss into Equation 2.7, MDP for 
roller operation on the calibration surface is approximately 0 
kJ/s. MDP is a relative value referencing the material proper-
ties of the calibration surface, which is generally a stiff, fully 
compacted soil. Positive MDP values therefore indicate ma-
terial that is less compact than the calibration surface, while 
negative MDP values would indicate material that is more 
compact (i.e., less roller drum sinkage).

2.2.4.2    GPS-Based Mapping and Documentation 
Software

Caterpillar’s Compaction Viewer software was used dur-
ing testing. A Navigator 10.4cTS operator interface is located 
within the operator’s field of view and performs data acquisi-
tion functions as well as displaying real-time position and 
compaction values. The system uses RTK GPS with accuracy 
capabilities of ±10 mm (0.4 in) in the horizontal plane and 
±20 mm (0.8 in) in the vertical plane. The roller width is di-
vided into a series of 30-cm (12-in) divisions for mapping 
roller coverage. Postprocessing and visualization of data can 
be performed with Caterpillar’s Compaction Viewer soft-
ware on a PC. Caterpillar has developed a production version 
mapping and documentation system for use with commer-
cially available machines. This system is compatible with the 
AccuGrade software produced by Caterpillar for earthwork 
applications (Figure 2.19).

2.2.5 Sakai

2.2.5.1  Measurement Value

Sakai CCC rollers employ a CCV index. The unitless CCV 
is an extension of the CMV. The Sakai measurement system 
involves one accelerometer to monitor vertical drum vibra-
tion. Analog bandpass filters are used to capture acceleration 
at the excitation frequency Ω

0
 and at 0.5 Ω

0
, 1.5 Ω

0
, 2 Ω

0
, 

2.5 Ω
0
, and 3 Ω

0
 (see Figure 2.20). The amplitudes at each of 

these frequency components are used to determine the CCV, 
as shown in Equation 2.9. CCV is provided at a rate of 5 Hz.

CCV =
+ + + +

+








 ×

A A A A A

A A
1 3 4 5 6

1 2

100     (2.9)

2.2.5.2    GPS-Based Mapping and Documentation 
Software

Sakai has implemented GPS-based mapping and docu-
mentation software for its Compaction Information System. 
The onboard PC and screen are illustrated in Figure 2.21. Of-
fice PC software is also provided. 

2.3	Existing	CCC	Specifications

Specifications to use roller-integrated measurement sys-
tems for CCC have been introduced in Austria (in 1990, 
with revisions in 1993 and 1999), Germany (1994, with re-
vision in 1997), and Sweden (1994, with revision in 2004). 
The ISSMGE recently developed recommended construction 
specifications based primarily on the Austrian specifications 

Figure 2.18. Simplified two-dimensional free body 
diagram of stresses acting on a rigid compaction 
drum (MDP increases with increasing z2 ).
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Figure 2.19. CD700 Caterpillar documentation system illustrating completed passes (left) and 
CMV (right) (courtesy of Caterpillar).

Figure 2.21. Example of Sakai display (courtesy of Sakai).

Figure 2.20. Drum acceleration frequency domain components used in Sakai CCV (adapted from 
Scherocman et al. 2007).
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(Adam 2007). In the United States, Minnesota implemented 
pilot specifications for CCC in 2007–2008 and has developed 
a revised 2009 specification. The principal components of the 
various specifications and planned revisions are described 
below.

2.3.1 german CCC Specifications

German specifications for earthwork QC/QA using CCC 
were introduced in 1994 and updated in 1997. Further revi-
sions are expected in 2009. Referred to as ZTVE-StB, the Ger-
man CCC specifications apply to subgrade and embankment 
soils. The lack of CCC specifications for base and subbase lay-
ers is predicated on the belief that roller MVs measure much 
deeper than the 20- to 30-cm-thick base course layers used in 
Germany. There are two ways in which CCC can be specified 
in Germany. First, CCC can be implemented through initial 
calibration of roller MVs to PLT modulus or density and sub-
sequent use of the correlation during QA. A second approach 
uses CCC to identify weak areas for spot testing via PLT, LWD, 
or density methods. The key elements of each approach are 
described here, as are the proposed 2009 revisions.

2.3.1.1   Calibration Approach (Method M2 in 
German Specifications)

This CCC approach involves two principal steps: (1) on-
site initial calibration to develop the correlation(s) between 
the roller MV to be used and soil density or PLT modulus 
(E

V2
); (2) identification of roller MV target value (MV-TV) 

consistent with required density or E
V2

; and (3) acceptance 
testing by comparing roller MV data against the MV-TV. 
Calibration is performed on an area equal to three 20-m 
(66-ft)-long (minimum) test strips (see Figure 2.22). Roller 
MV data are collected during roller operation on a low degree 
of compaction test strip (e.g., after one compaction pass), a 

medium degree of compaction test strip (e.g., three to five 
compaction passes), and a high degree of compaction test 
strip (multiple passes until no further compaction observed). 
Three to five static PLTs or density tests are performed on 
each test strip. Regression analysis is performed on the roller 
MV versus spot-test data (see Figure 2.22). When using the 
PLT, the German procedure uses the unload-reload secant 
modulus (M

E2
 or E

V2
). The correlation coefficient r must be 

≥ 0.7 (R2
 
≥ 0.5). Additional spot tests may be performed to 

achieve R2 ≥ 0.5. If R2 ≥ 0.5 cannot be achieved, CCC is not 
permitted via Method M2.

The regression equation and required minimum values for 
E

V2
 or density lead to determination of an MV-TV. In Ger-

many, minimum E
V2

 values must be achieved for the top of 
subgrade. Specifically, E

V2
 must be 45 MPa for clay or silty soils 

and 80 to 100 for granular materials. Density requirements 
(typically 98% standard Proctor) exist for all layers below the 
top of subgrade. There are no moisture requirements. 

During acceptance testing, 90% of all roller MVs in an 
evaluation area must exceed the MV-TV value. There are cur-
rently no additional criteria for acceptance using this method. 
The German specification does not permit variable frequency 
and amplitude control or jump-mode during calibration or 
acceptance testing. The project site must be homogeneous 
in soil type and in underlying stratigraphy; otherwise CCC-
based QA is not recommended.

The German group overseeing the CCC specifications is 
planning some moderate updates (G. Bräu, personal com-
munication, 2008). The LWD or dynamic PLT may be used in 
place of the static PLT. Target values of LWD modulus (E

LWD
) 

will be published but were not available at press time. In addi-
tion, the issue of uniformity criteria was addressed. The Ger-
man specifications will require that the 10% of MVs that fall 
below MV-TV be reasonably distributed around the evalua-
tion area. Acceptance of this issue will be subjective and left to 
the on-site engineer. The German specifications will include 

Figure 2.22. Illustration of calibration approach for German specifications.
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performed, involves compaction with roller-integrated mea-
surement until the mean roller MV increases by no more than 
5%. Acceptance is then based on static PLT or LWD (dynamic 
PLT) modulus at the weakest area. In the Austrian/ISSMGE 
specifications, roller MVs must be dynamic (i.e., based in part 
on measurement of drum acceleration). The specification is 
applicable to all subgrade, subbase, and base materials and 
recycled materials that can be compacted dynamically and 
statically. For soils compacted dynamically, measurement 
occurs during compaction. For soils compacted statically, 
dynamic measurement occurs after static compaction. If the 
fine-grained portion [< 0.06 mm (0.002 in)] exceeds 15%, 
moisture content must be given special attention; however, 
moisture content criteria are not specified.

2.3.2.1    Method 1: Acceptance Based on 
Calibration

The more recently developed Austrian/ISSMGE roller-
integrated CCC method involves the development of a re-
lationship between roller MV and the initial PLT modulus 
E

V1
 or E

LWD
. Density spot testing is allowed as an alternative, 

although it is not recommended. Calibration is required over 
the entire width of the construction site and for a length of at 
least 100 m (328 ft) for each material (subgrade, subbase, and 
base). Roller-integrated measurement must be carried out 
with constant roller parameters (frequency, amplitude, and 
forward velocity) throughout calibration. Roller MV data are 
captured during each measurement run, and subsequent PLT 
or LWD testing is performed at values of low, medium, and 
high roller MV (see Figure 2.23). PLT is required at a mini-
mum of nine locations. If LWD testing is used, the average of 

language permitting the use of automatic feedback control 
intelligent compaction rollers during compaction but will 
prohibit their use during calibration and acceptance testing.

2.3.1.2   CCC to Identify Weak Areas for Spot Testing

In this approach, CCC is used to map the compacted area. 
The weakest spots are identified from the roller-generated 
maps for spot testing (density methods or PLT). A mini-
mum number of spot tests are specified (e.g., four per 5,000 
m2). To meet acceptance, each density or E

V2
 value must be 

greater than or equal to the desired value. If acceptance is not 
achieved, the soil must be reworked until the criterion is met. 
Assuming roller operating parameters are held constant and 
the soil, moisture, and subsurface have not changed, then by 
inference all other areas of the map meet acceptance. There 
is no initial calibration required for this approach. This ap-
proach is the more common of the two approaches used in 
Germany (G. Bräu, personal communication, 2008).  

2.3.2 austrian/ISSmge Specifications

Austria first introduced roller-integrated CCC specifica-
tions in 1990 with revisions in 1993 and 1999. Further revi-
sions are not currently being considered. The ISSMGE re-
cently developed recommended CCC specifications (ISSMGE 
2005), largely based on Austrian standards (Adam 2007). 
The Austrian/ISSMGE specifications allow two different ap-
proaches for roller-integrated CCC. The first approach in-
volves acceptance testing using a regression-based correlation 
developed during on-site calibration. An alternative approach, 
recommended for small sites or where calibration cannot be 

Figure 2.23. Illustration of calibration approach for Austrian/ISSMGE specifications.
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four E
LWD

 values at a minimum of nine locations is reported 
(hence 36 LWD tests are required). The engineer of record is 
given the authority to design the rolling and measurement 
pattern used during calibration.

Linear regression analysis is performed on the resulting 
roller MV versus E

V1
 or E

LWD
 values (see Figure 2.24). The 

regression coefficient R2 must be ≥ 0.5; additional PLT or 
LWD tests may be performed to achieve R2 ≥ 0.5. The engi-
neer of record may remove outliers if good cause exists. This 
approach may not be carried forward to production QA if 
R2 < 0.5. Using the regression equation and a specified E

V1
 

or E
LWD

 (see Table 2.3 for Austrian values) leads to determi-
nation of a minimum roller MV (MIN) and a mean roller 
MV (ME). As illustrated in Figure 2.24, the MIN corresponds 
to 0.95 E

V1
 or E

LWD
, and the ME corresponds to 1.05 E

V1
 or 

E
LWD

. The MAX value is defined to be 1.5 MIN. The Austrian/
ISSMGE acceptance criteria are summarized as follows:

•	  The mean roller MV must be ≥ ME; 
•	  100% of roller MVs must be ≥ 0.8 MIN;
•	  90% of roller MVs must be ≥ MIN. 

In addition to these requirements, compaction must be con-
tinued until the mean roller MV is less than 5% greater than 
the mean value from the previous pass. The Austrian/ISSMGE 
specification also requires the following uniformity criteria:

•	 If 100% of roller MVs ≥ MIN, then the roller MV coef-
ficient of variation (COV) for the entire area must be ≤ 
20%. 

•	  If 0.8 MIN ≤ minimum roller MV ≤ MIN, then 100% of 
roller MVs must be ≤ MAX = 1.5 MIN.

The recommended control area over which acceptance 
should be performed has traditionally been 100 m (328 ft) 
long by the width of the roadway. However, recent experience 
with 200- to 500-m (656- to 1,640-ft)-long control areas has 
shown effective results (D. Adam, personal communication, 
2008). These ISSMGE/Austrian correlations and acceptance 
criteria are valid for roller/soil contact and partial loss of con-
tact roller operation. The Austrian/ISSMGE specifications 
permit measurement during double jump mode; however, a 
separate calibration is required for such operation.

2.3.2.2   Method 2: Acceptance Based on Percentage 
Change of MVs

For small construction sites and areas where calibration 
cannot be reasonably performed, the Austrian/ISSMGE rec-
ommends the following method. Compaction should be con-
tinued until the mean roller MV is less than 5% greater than 
the mean roller MV from the previous pass. Subsequently, 
PLT or LWD testing is conducted at the weakest area as de-
termined by the roller MV output. The E

V1
 or E

LWD
 must be 

greater than or equal to the required value (e.g., Table 2.3 for 
Austria). A minimum of three PLT or nine LWD tests must 
be performed in the weakest area.

2.3.3 Swedish CCC Specifications

Specifications for the use of CCC on unbound materials in 
Sweden were first introduced in 1994; current use of roller-
integrated CCC is governed by 2005 specifications (ATB Vag 
2005). The QA of unbound material is mandated at two sur-
face levels: (1) top of the base course and (2) a layer 300 to 
750 mm (1 to 2.5 ft) below the top of the base layer. Typi-
cally, Swedish construction includes a 300- to 700-mm (1- to 
2.3-ft)-thick base layer and a 300- to 500-mm (1- to 1.6-ft) 
subbase or frost protection layer. Therefore, QA is typically 
performed on the surface of the base and subbase layers. QA 
is not required for the subgrade due primarily to the consid-

Figure 2.24. Roller MV vs. EV1 /ELWD regression and key 
parameters in Austrian/ISSMGE specifications.

table 2.3. EV1 and ELWD values required (Austria).

Level E
V1

 (MN/m2)

1 m below subgradea 15 (cohesive); 20 (cohesionless)
Top of subgrade 25 (cohesive); 35 (cohesionless)
Top of subbase 60 (rounded); 72 (angular)
Top of base 75 (rounded); 90 (angular)

Level E
LWD

 (MN/m2)

1 m below subgradea 18 (cohesive); 24 (cohesionless)
Top of subgrade 30 (cohesive); 38 (cohesionless)
Top of subbase 58 (rounded); 68 (angular)
Top of base 70 (rounded); 82 (angular)

aIf fill section is to be constructed.
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erable thickness of base and subbase layers used. The maxi-
mum percentage of particles less than 0.06 mm (0.002 in) 
permitted in base and subbase layers is 7%; therefore, by de-
fault CCC is only performed on material with predominantly 
cohesionless soil.

Swedish specifications permit the use of roller-integrated 
CCC to identify weak spots for PLT. First, it is useful to ex-
plain the general QA specification. In Sweden, conventional 
QA of base and subbase layers is based solely on PLTs per-
formed at a minimum of eight randomly selected locations 
within each 5,000 m2 (1,993 yd2) control area. Density and 
moisture QA are not prescribed. The number of tests can 
be reduced to five if no previous control area has failed or 
if the standard deviation σ is small. The unload-reload PLT 
deformation modulus E

V2
 and the ratio E

V1
/E

V2
 are used. All 

measured E
V2

 values must exceed a layer-dependent mini-
mum value for acceptance (see Table 2.4). The average E

V2
 

should also meet the criteria summarized in Table 2.4. If 
criterion 2 is violated, an alternative can be used for the top 
500 mm (1.6 ft) only. 

table 2.4. Unbound material acceptance criteria [per 5,000-m2 (1,993-ydyd2) control area�.control area�.

Depth Below  
Base Course  
Surface (mm) N

Asphalt Pavement Concrete Pavement

(1) E
V2(min) 

(MPa)
(2)
E

V2(ave)
  (MPa)

(3)  
E

V2
/E

V1
 Alternative  

if (2) not met (1) E
V2(min) 

(MPa)
(2)
E

V2(ave)
 (MPa)

(3)  
E

V2
/E

V1
 Alternative  

if (2) not met

0–250 8 125 ≥	140 + 0.96σ ≤	2.8 105 ≥	120 + 0.96σ ≤	2.8
0–250 5 125 ≥	140 + 0.83σ 1 + 0.013 E

V2
105 ≥	120 + 0.83σ 1 + 0.015 E

V2

251–500 8 32 ≥	40 + 0.96σ ≤ 3.5 45 ≥	55 + 0.96σ ≤	3.5
251–500 5 32 ≥	40 + 0.83σ ≤	1 + 0.063 E

V2
45 ≥	55 + 0.83σ ≤ + 0.046 E

V2

500–550 8 32 ≥	40 + 0.96σ NA 45 ≥	55 + 0.96σ NA
500–550 5 32 ≥	40 + 0.83σ NA 45 ≥	55 + 0.83σ NA
551–650 8 20 ≥	30 + 0.96σ NA 30 ≥	35 + 0.96σ NA
551–650 5 20 ≥	30 + 0.83σ NA 30 ≥	35 + 0.83σ NA
651–750 8 15 ≥	20 + 0.96σ NA 20 ≥	25 + 0.96σ NA
651–750 5 15 ≥	20 + 0.83σ NA 20 ≥	25 + 0.83σ NA

NA= not applicable

When using roller-integrated CCC, the number of PLTs can 
be reduced to two. The PLTs are conducted at the two weakest 
areas as indicated by the roller MV data map. The number of 
PLTs can be reduced from two to one if no control area has 
failed the test or the previous control areas show small varia-
tions. The criteria for acceptance are summarized in Table 
2.5. The E

V2
 value in these points must not be lower than the 

threshold value, which is different for different levels below 
the top of the base layer and for flexible and rigid pavements. 
For granular base materials an additional criterion based on 
the E

V2
/E

V1
 ratio must also be fulfilled.

LWD testing cannot currently be used in place of static PLT 
for QA of base and subbase materials. Sweden does recom-
mend QC/QA during subgrade compaction via either PLT 
or LWD testing. LWD testing can be used instead of PLT “if 
similar results can be shown.” The Swedish specifications pro-
vide recommended E

V2
 and E

LWD
 for depths of 800 mm (2.6 

ft) or greater (see Table 2.6). A note within the specifications 
states that the average of five LWD tests can be used over a 
2,500-m2 (997-yd2) area. 

table 2.5. Unbound material acceptance criteria when CCC used [per 5,000-m2 (1,993-yd1,993-yd2) control area�.control area�.

Depth Below  
Base Course  
Surface (mm) N

Asphalt Pavement Concrete Pavement

(1) E
V2(min) 

(MPa)

(2)  
E

V2
/E

V1
 Alternative  

if (2) not met (1) E
V2(min) 

(MPa)

(2)  
E

V2
/E

V1
 Alternative  

if (2) not met

0–250 1–2 125 ≤	1 + 0.0136 E
V2

105 ≤	1 + 0.0162 E
V2

251–500 1–2 32 ≤	1 + 0.078 E
V2

45 ≤	1 + 0.056 E
V2

500–550 1–2 32 NA 45 NA
551–650 1–2 20 NA 30 NA
651–750 1–2 15 NA 20 NA
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2.3.4  minnesota doT pilot Specifications

In 2007 the Minnesota Department of Transportation 
(Mn/DOT) developed pilot specifications for QC/QA of 
granular and nongranular embankment soil compaction 
using CCC and/or LWD. At the time of this writing, Mn/
DOT was in the process of revising these specifications; the 
most recent version is available online at http://www.dot.
state.mn.us/materials/gbintellc.html. The 2007 specification 
required QC by the contractor and QA by the engineer on 
designated proof layers to ensure compliance with control-
strip-determined roller-integrated measurement target val-
ues and LWD target values. Proof layers are designated at 
the finished subgrade level (directly beneath the base) and 
at certain additional levels depending on the height of the 
constructed embankment. Additional proof layers are re-
quired for every 600 mm (2 ft) of placed granular soil thick-
ness and every 300 mm (1 ft) of placed nongranular soil 
thickness. The engineer has the authority to modify proof 
layer designations.

The Mn/DOT specification requires construction of 
control strips to determine the intelligent compaction tar-
get value (IC-TV) for each type and/or source of soil. Note 
that Mn/DOT’s use of the term “intelligent compaction” is 
equivalent to CCC as defined in this study in that automatic 
feedback control of roller operating parameters is not per-
mitted during measurement. Additional control strips are 
required if variations in material properties that affect the 
IC-TV are observed by the engineer. Each control strip must 
be at least 100 m (328 ft) long and at least 10 m (33 ft) wide, 
or as determined by the engineer. Lift thickness must be equal 
to planned thickness during production. To determine the 
moisture sensitivity correction for the IC-TV, a control strip 
is constructed at or near each extreme of 65% and 95% of 
standard Proctor optimum moisture—the moisture content 
limits specified in Mn/DOT earthwork construction. The 
resulting data are utilized to produce a moisture correction 
trend line showing a linear relationship of the IC-TV with 
moisture content. The control strip construction procedure 
is as follows:

table 2.6. Recommended pLt and LWD QA values at depth.

Depth Below Base Course 
Surface (mm)

Construction with Only Base and  
Subbase Material Above Crushed Rock

Construction with Only Base and  
Subbase Material Above Sand Subgrade

E
V2

 (MPa) E
LWD

 (MPa) E
V2

 (MPa) E
LWD

 (MPa)

800 12 10–15 16 12–18
900 9 8–12 11 10–14
1,000 6 5–8 8 7–11
1,100 4 4–5 5 5–8
1,200 3 3 4 3–5
1,300 2 2 3 3

•	 The bottom of the excavation is mapped with the roller 
to create a base map. This map is reviewed by the engi-
neer to ensure that the control strip subsurface is uniform 
and to identify areas that must be corrected prior to fill 
placement.

•	 The embankment soil is placed in lifts; each lift is com-
pacted with repeated passes and with roller compaction 
measurement. The optimum value is reached when addi-
tional roller passes do not result in a significant increase in 
the roller MV as determined by the engineer.

•	 Moisture content testing is required at a minimum of 1 per 
3,000 m3 of earthwork; the moisture must be maintained 
within 65% to 95% of standard Proctor optimum.

•	 Lift placement and CCC is repeated for additional lifts 
until the level-of-proof layer has been reached. 

•	 The control strip IC-TV is defined to be the optimum MV 
obtained from the roller measurements during construc-
tion of the control strip. The optimum value is reached 
when additional passes do not result in a significant in-
crease in MV, as determined by the engineer of record. The 
IC-TV is defined such that 90% of the MVs are greater 
than 90% of the IC-TV. 

The IC-TV values for control strips at moistures near 65% 
and 95% of optimum are used to create a moisture correction 
trend line. It should be noted that the Mn/DOT pilot specifi-
cations also require LWD testing (three per proof layer) and 
the establishment of LWD target value (LWD-TV) for each 
proof layer. The LWD-TV is corrected for moisture in a way 
similar to that for IC-TV.

During QA the engineer observes the final compaction re-
cording pass of the roller on each proof layer. For acceptance 
at each proof layer during general production operations, all 
segments shall be compacted so that at least 90% of the MVs 
are at least 90% of the moisture-corrected IC-TV prior to 
placing the next lift. All of the MVs must be at least 80% of 
the moisture-corrected IC-TV. The contractor must recom-
pact (and dry or add moisture as needed) until all areas meet 
these acceptance criteria. 
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If a significant portion of the grade is more than 20% in ex-
cess of the selected corrected IC-TV, the engineer shall reeval-
uate the selection of the applicable control-strip-corrected 
IC-TV. If an applicable corrected IC-TV is not available, the 
contractor shall construct an additional control strip to reflect 
the potential changes in compaction characteristics. Control 
section size criteria are currently under development. 

The engineer will also perform an LWD test and a mois-
ture content test at the minimum rate of one LWD test 
measurement per proof layer, per 300 m (1,000 ft) for the 

entire width of embankment being constructed during 
each operation. The engineer may perform additional LWD 
tests and moisture content tests in areas that visually ap-
pear to be noncompliant or as determined by the engineer. 
Each LWD test measurement taken shall be at least 90% but 
not more than 120% of the moisture-corrected LWD-TV 
obtained on the applicable control strip prior to placing 
the next lift. The contractor shall recompact (and dry or 
add moisture as needed) to all areas that do not meet these 
requirements.
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Fundamentals of Roller  
Measurement Values

The reader is referred to Facas & Mooney (2010) for a thor-
ough description of roller MV reporting.

Each reported MV is often a reflection of vibration data 
averaged over a time window t

MV
. Values of t

MV
 vary across 

manufacturers and are somewhat user programmable (val-
ues observed during this study are summarized in Table 3.1). 
The corresponding spatial window over which an individual 
roller MV is representative (x

MV
 in Figure 3.2) is a function 

of t
MV

 and roller speed v (x
MV

 = t
MV

 × v). Values of the spatial 
window x

MV
 observed using v = 1 m/s (3.3 ft/s) ranged from 

0.06 to 1.0 m (0.2 to 3.3 ft) and varied across manufacturers 
(see Table 3.1). For current roller MVs, the averaging window 
y

MV
 (see Figure 3.2) is equal to the length of the drum [typi-

cally 2.1 m (6.9 ft)]. 
The spatial reporting resolution of roller MVs in the direc-

tion of roller travel (∆x = f
report

 × v in Figure 3.2) also varies 
across manufacturers. In this study, ∆x varied from 0.2 to 1.0 
m (0.66 to 3.3 ft) for v = 1 m/s (3.3 ft/s). The spatial report-
ing resolution ∆y is a function of overlap between two adja-
cent roller passes. The recommended overlap is 0.1 m (0.3 ft); 
therefore, ∆y = 2 m (6.6 ft), typically.

The combination of ∆x and x
MV

 reflects the continuity and 
relative coverage of MV data provided by each roller (see Fig-
ure 3.3). Records for k

s
 provide complete coverage with no 

overlap (∆x = x
MV

). CMV
D
 and CCV records provide com-

plete coverage with considerable overlap (∆x < x
MV

). E
vib

 re-
cords provide less than complete coverage (∆x > x

MV
). It is 

worth noting that the parameters ∆x and x
MV

 can be modified 
in the roller software. The ∆x = x

MV
 configuration is optimal 

since the resulting MVs are reasonably independent while 
providing complete coverage.

For the purpose of consistency in data reporting and sta-
tistical analysis and to ensure complete coverage via roller 
MV records, some standardization of key spatial reporting 
parameters is recommended. These key parameters include 
the spatial reporting resolutions (∆x, ∆y) and the spatial av-
eraging windows (x

MV
,
 
y

MV
). For all current roller MVs, y

MV
 is 

c h a p t e r  3

This chapter provides a detailed evaluation of several as-
pects of roller measurement values (MVs), including the 
surface area reflected in individual MVs, spatial resolution in 
MV records, and uncertainty in roller MVs. Results from in-
dependent evaluations of MVs and the relationship between 
different MVs are presented. The influence of vibration am-
plitude and frequency, roller speed, and forward/reverse driv-
ing mode on roller MVs is examined. Finally, the influence of 
soil heterogeneity on roller MVs is examined. 

3.1	 	Roller	MV	Reporting	
Characteristics

Roller MVs and their position (determined traditionally 
via wheel encoder and more recently via GPS) are provided as 
discrete spatial records. Figure 3.1 presents samples of single-
lane MV data records from Dynapac (CMV

D
), Case/Ammann 

(k
s
), Sakai (CCV), and Bomag (E

vib
) smooth drum vibratory 

rollers. Position data were collected using RTK differential 
GPS and converted to Cartesian x and y coordinates (x is the 
driving direction). Figure 3.1 illustrates the discrete nature 
of MV data as well as the difference in travel direction spatial 
resolution of each recording system.

 Roller MVs are computed based on drum sensor data and 
provided to the onboard PC at a frequency f

MV
 (see Figure 3.2). 

The onboard PC also receives a stream of position data from 
the roller-mounted GPS receiver at a frequency f

GPS
. These 

two data streams are often provided at different frequencies 
(i.e., f

MV
 ≠ f

GPS
) and must be merged by the manufacturer’s 

software. The merged MV and position data are reported 
via PC graphical view or data export at the frequency f

report
. 

The resulting spatial resolution of MVs (∆x in the direction 
of roller travel in Figure 3.2) is a function of f

report
 and roller 

speed v. Values for f
MV

, f
GPS

, f
report

, and ∆x for the rollers evalu-
ated are provided in Table 3.1. The methodology for merging 
and reporting MVs with GPS-determined positions varies 
across manufacturers and will clearly evolve in the future. 
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Figure 3.1. Sample roller MV data records for (a) Dynapac CMVD , (b) Case/Ammann ks , (c) Sakai CCV, and (d) 
Bomag Evib over 10 m [32.8 ft; from various test beds (TBs)].

Figure 3.2. Schematic of roller variables.
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the drum length [2.1 m (6.9 ft) for the rollers used here], and 
Δy is a function of the overlap between adjacent roller passes. 
A minimum overlap of 0.1 m (0.3 ft) is recommended. Roller 
MVs will likely evolve to capture soil heterogeneity along the 
length of the drum (see Section 3.6) and estimate soil prop-
erties within the drum length (i.e., y

MV
 and ∆y less than the 

drum length). Recommended values of y
MV

 and ∆y should be 
modified accordingly. 

Together with the desire to provide complete (full) cov-
erage and independent MVs (x

MV
 = ∆x), the recommended 

reporting parameters x
MV

 and ∆x are influenced by position 
accuracy provided by GPS. Table 3.2 summarizes the hori-
zontal accuracy (x

error
) and vertical accuracy (z

error
) of avail-

able GPS. RTK differential GPS will likely become standard 

practice for highway-scale projects and was used throughout 
this study. The recommended x

MV
 should be an order of mag-

nitude greater than the error (x
MV

 ≥ 10 x
error

). It follows that 
x

MV
 and ∆x need not be less than 0.25 m (0.82 ft) when using 

RTK differential GPS with an error of 2.5 cm (0.08 ft). 

3.2	 	Roller	MV	Position	
Reporting	Error

Documenting the correct position of the drum and thus the 
location of underlying material reflected in each roller MV is 
important for implementation of QA specifications that re-
quire local comparison of roller MV with spot-test measure-
ments or pass-to-pass comparisons of MV data (see Facas & 

table 3.1. Summary of roller MV reporting characteristics.

Roller MV f
mv

 (Hz) f
GPS

 (Hz) f
report

 (Hz) t
MV 

(s) x
MV

a
 
(m) (ft)

 
∆xa (m) (ft)

Case/Ammann k
s

~30b 1 1 1.0 1.0 (3.3) 1.0 (3.3)

Bomag E
vib

3 10 10 0.1 0.06 (0.2) 0.33 (1.1)

Dynapac CMV
D

1–5 10 1–4 1.0 1.0 (3.3) 0.2–1.0 (0.7–3.3)

Sakai CCV 5 10 10 1.0 1.0 (3.3) 0.2 (0.7)

aAssuming roller speed = 1 m/s (3.3 ft/s).
bBased on operating frequency, here 30 Hz.

table 3.2. Levels of GpS position accuracy.

GPS Type Horizontal Accuracy,a cm (in) Vertical Accuracy,a cm (in)

Real-time kinematic (RTK) 2.5 (0.98) + 2 ppmb 3.7 (1.46) + 2 ppmb

Satellite differential GPS (subscription) 10–78 (3.94–30.71) 10–78 (3.94–30.71)
Satellite differential GPS 95 (37.4) 95 (37.40)

a Two standard deviations; may vary across GPS units.
b ppm = parts per million, regarding distance from base station to receiver [e.g., for base station 1 km (0.62 mi) from receiver, 2 ppm = 0.1 cm (0.039 in); for base 
station 10 km (6.2 mi) from receiver, 2 ppm = 1 cm (0.39 in)].

Figure 3.3. Continuity of roller MV data (from various TBs).
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Mooney 2010). The first of two sources of MV position error 
results from the physical offset of the GPS receiver from the 
drum center (see Figure 3.4). The software for most rollers 
accounts for this GPS offset, and in some cases the offset is 
zero (e.g., when the GPS receiver is mounted directly above 
the drum center). The correct reporting position should be 
verified on project sites by comparing roller GPS-provided 
position with independently measured drum position using 
similar accuracy GPS (e.g., RTK handheld unit). This is re-
flected in the recommended continuous compaction control 
(CCC) specifications (Section 7.5.3).

The second source of MV position error occurs while the 
roller is moving and stems from data averaging during the 
calculation of each roller MV (i.e., t

MV
 and x

MV
; see Facas & 

Mooney 2010). Due to the way in which roller MVs and GPS 
position data are merged (Section 3.1), the resulting MVs are 
often associated with a position that reflects the end of the 
t

MV
 and x

MV
. This leads to position reporting error. The posi-

tion of each roller MV should be reported at the center of the 

Figure 3.4. Schematic of roller, GPS receiver offset, and spatial window for determination of 
roller MVs.

averaging window. Any latency in the MV calculation prior to 
merging with GPS position would cause additional position 
error. This source of position error is roller speed and direc-
tion dependent. 

Roller position error due to physical offset of the GPS 
receiver from the drum was checked for each roller on each 
field site and accounted for in the data analysis. To investi-
gate the accuracy of MV position reporting during roller 
travel, wood beams were placed at known locations to create 
an artificial spike in roller MV data. Two tests beds were con-
structed similarly on a 60-m (200-ft)-long by one-lane-wide 
fully compacted soil. Two wood beams were placed across 
the lane approximately 10 m (33 ft) apart (see Figure 3.5) 
to introduce spikes in roller MV data at known locations 
(measured with GPS). The rollers were driven in the north 
direction with forward roller travel (north forward, NF) and 
then in the south direction with forward roller travel (south 
forward, SF). This was repeated three or four times with 
each roller.

Figure 3.5. Position error observed in CMVD data records (TB FL18): (a) observed MV records with no 
correction; (b) MV position corrected by -0.70 m (2.3 ft).
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table 3.3. observed position 
reporting errors for roller MVs.

MV Position Reporting Error (m)

CMV
D

+0.70

k
s

-0.40a

CCV +0.55

E
vib

+0.80

a ± 0.5 m uncertainty.

Figure 3.5 illustrates the CMV
D
 response from all NF and 

SF passes. The solid black lines represent the location of the 
wood beams. Four passes in each direction demonstrate re-
peatable behavior within NF and SF passes. The difference 
in roller MVs between NF and SF passes is due to transverse 
heterogeneity and is discussed in Section 3.6. As shown in 
Figure 3.5a, the location of each dip in the recorded MV data 
is direction dependent and is different from the locations of 
the wood posts by +0.7 m (2.3 ft) in the direction of roller 
travel. By applying a position correction of –0.7 m (–2.3 ft) 
to the MV data with respect to the direction of roller travel, 
the resulting NF and SF records align (Figure 3.5b). The –0.7-
m position correction is consistent with the spatial shift re-
quired to report CMV

D
 at the center of its averaging window 

x
MV

. Recall that t
MV

 = 1 s for CMV
D
. With the observed v = 1.2 

m/s (3.9 ft/s) and a required averaging window correction 
of -0.5 s, the position correction due to averaging should be 
-0.60 m (-2.0 ft). The 0.10-m (0.33-ft) discrepancy may be 
attributed to GPS error and/or potential latency in the MV 
calculation. This method was applied to the other rollers (see 
Table 3.3 and Appendix B). In practice these offsets should be 
determined in the field and accounted for as appropriate.

3.3	 	Repeatability	of	Roller	
Measurement	Values

Repeatability tests were performed to quantify the pass-
to-pass uncertainty in roller MV records and to verify the 
proper working condition of the roller measurement systems. 
An example of smooth drum vibratory roller MV data from 
consecutive roller passes with similar operating parameters 
(direction, speed, amplitude, etc.) is presented in Figure 3.6 
(other data are presented in Appendix B). The pairs of MV 
data from each pass are visually repeatable (e.g., the various 
peaks and valleys in MV are consistently captured in both 
passes). Mild increases or decreases in roller MVs are attrib-
uted to minor compaction or loosening and to minor devia-
tions in driving path. 

To quantify the repeatability, the percent difference in pass-
to-pass roller MV (%∆MV

i
) at each spatial location was deter-

mined via Equation 3.1 and is plotted in Figure 3.6b. In Equa-
tion 3.1, MV

i
 represents the MV data for pass i, and %∆MV

i
 

represents the percent difference between pass i and i – 1. Each 
pass of MV data was placed on a similar x-direction grid using 
linear interpolation to enable the spatial quantification. 

%
–

–

–

∆MV
MV MV

MVi
i i

i

= ×1

1

100   (3.1)

The mean and standard deviations of the %∆MV values 
(µ

%∆MV
 and σ

%∆MV
) are shown as a solid line and dashed line, 

respectively. The µ
%∆MV

 reflects the effect of minor compac-
tion, loosening, and roller track deviation. Observed µ

%∆MV
 

ranged from 0.1% to 3.6% for the testing performed here. 
Minor changes in pass-to-pass MV are unavoidable in prac-
tice. The σ

%∆MV
 provides a quantifiable measure of repeatabil-

ity and pass-to-pass uncertainty. This quantity may be used to 

Figure 3.6. Percent difference in CMVD (smooth drum) determined via repeatability testing (TB FL18).
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verify the proper working condition of a roller measurement 
system and should be considered when interpreting pass-to-
pass changes in MVs commonly used in CCC specifications 
(see Sections 7.5.3 and 7.7.2). Smooth drum vibratory roller 
MV records were generally found to be repeatable, and val-
ues of σ

%∆MV
 typically ranged from 5% to 7%. Data records 

for pad foot vibratory roller MVs collected during this study 
exhibited a high degree of scatter and general lack of repeat-
ability. Values of σ

%∆MV
 for pad foot vibratory roller MVs were 

found to exceed 25%. 
Repeatability testing plays an important role in verifying 

the proper working condition of a vibratory roller and/or 

roller measurement system. Figures 3.7 and 3.8 provide two 
examples where repeatability testing revealed a problem. In 
Figure 3.7, sporadic shifts in the roller MV data are visually 
evident and result in σ

%∆MV
 = 14%. In Figure 3.8, roller MV 

data from a vibratory pad foot roller revealed a lack of repeat-
ability (σ

%∆MV
 = 27%). In both cases the roller MV system 

should not be used in roller-integrated CCC quality assur-
ance (QA). To this end, repeatability testing is recommended 
and detailed in Section 7.5.3. A suggested criterion is σ

%∆MV
 

≤ 10%, though the engineer of record may approve the roller 
measurement system based on a qualitative evaluation of the 
repeatability data. 

Figure 3.7. Percentage difference in MV (smooth drum) due to faulty roller measurement system.

Figure 3.8. Percentage difference in MV (vibratory pad foot) determined via repeatability testing.
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The repeatability tests described here provide useful in-
sight into the limitations of roller MV data in QA specifi-
cations, particularly the spatial comparison of pass-to-pass 
roller MV. As described in Section 2.3.2, one Austrian and 
ISSMGE specification approach for roller-integrated CCC ex-
amines the pass-to-pass change in mean MV (averaged over 
the evaluation section). A natural extension of this approach 
afforded by GPS is to introduce a spatial percentage change 
criterion (i.e., the percentage change in local roller MV—sin-
gle MV) must be less than a specified percent. Such a criterion 
would address localized weak zones that may be overlooked 
in the averaging approach. The results of repeatability testing 
illustrate that the uncertainty (one standard deviation) alone 
in point-based percentage difference is 5% to 7%. To this end, 
the criterion for pass-to-pass spatial percent difference could 
not reasonably be less than 10% to 15% (two standard devia-
tions) if based on single-point measurements. It follows that 
spatial averaging (e.g., via kriging) might be used to reduce 
this uncertainty and allow a smaller percentage difference cri-
terion (e.g., 5%).  

3.4	 	Comparison	of	Roller	
Measurement	Values

As described in Chapter 2, a number of roller measurement 
values are used in practice. Though different in methodol-
ogy, each roller MV is based on the principle that measurable 
changes in roller vibration are due to changes in soil stiff-
ness (and damping). This section examines roller MV trends 

via side-by-side comparison. The independent calculation of 
roller MVs using research team instrumentation also enables 
verification of roller MVs and how they work (i.e., dispelling 
the “black box” approach that tends to inhibit adoption by 
the engineering community).  

3.4.1 Independent evaluation of mvs

Sakai and Caterpillar smooth drum vibratory rollers were 
equipped with instrumentation to independently validate 
and assess roller MVs. Published algorithms to compute 
CMV, CCV, and k

s
 (summarized in Chapter 2) were used. 

E
vib

 was not calculated independently due to the significant 
differences in eccentric excitation technology and the differ-
ences that vectoring the excitation force would have on roller 
MVs. Independently determined MVs are denoted with the 
subscript CSM (Colorado School of Mines) to distinguish 
them from the roller manufacturer MVs.  

The independently determined CCV
CSM

 is compared with 
Sakai CCV in Figure 3.9, and the independently determined 
CMV

CSM
 is compared with Caterpillar CMV

C
 in Figure 3.10. 

The data match closely; subtle differences may be due to dif-
ferences in how the systems average data and small differ-
ences in sensor locations.

Dynapac CMV
D
 was compared with CMV

CSM 
(determined 

with Sakai vibration data) by consecutively driving the two 
rollers in the same lane (see Figure 3.11). While minor dif-
ferences will result from different roller properties, dis-
crepancies in the values here are attributed to deviations 

Figure 3.9. Comparison of Sakai CCV and CCVCSM determined via independent  instrumentation (TB FL12).

Figure 3.10. Comparison of Caterpillar CMVC and CMVCSM determined via  independent instrumentation (TB 
MN 29).
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in the tracks of the two rollers and differences in reporting 
methods. 

The Case/Ammann k
s
 value was compared with the k

s-CSM
 

determined from the Sakai roller vibration data (see Fig-
ure 3.12a). k

s
 is calculated differently based on whether the 

drum is in contact or partial loss of contact operational mode 
(Anderegg & Kaufmann 2004). The two different algorithms 
were used for the independent assessment and are shown in 
Figure 3.12. The k

s-CSM
 trends well with k

s
 but does not match. 

The Ammann k
s
 is scaled by a fixed factor and might be the 

reason for the discrepancy, though the occurrence of k
s
 = 

0 suggests possible errors within the measurement system. 
The k

s-CSM
 was transformed using a linear equation (see Fig-

ure 3.12b) to provide a good match with the manufacturer’s 
k

s
. Given this need to apply a scale factor, the black box sur-

rounding k
s
 partially remains. 

3.4.2  relationship Between roller 
measurement values 

Figure 3.13 presents a comparison of E
vib

, k
s
, and CMV

C
 data 

collected from a test bed with considerable stiffness variability 
(TB MN42). The soft areas reflect clay subgrade, and the stiff 
areas reflect >1 m (3.3 ft) thickness of crushed rock. Roller MVs 
were normalized by their peak values for direct comparison. In 
general, the roller MVs matched each other over the range of 
underlying stiffness present. Figure 3.14 shows the relation-
ship between CMV

D
, CCV, and k

s
 collected during operation 

on granular soil (TB FL18). Each data set was normalized by 
its peak value. These MVs also trend similarly.

Figure 3.15 shows the relationship between k
s-CSM

, CMV
CSM

, 
and CCV

CSM
 computed with data from independent instru-

mentation on the Sakai roller. The k
s-CSM

 values were com-

Figure 3.11. Comparison of Dynapac CMVD and CMVCSM determined via independent instrumentation on Sakai 
roller (TB FL18).

Figure 3.12. Comparison of Case/Ammann ks and ks-CSM determined via independent instrumentation:   (a) raw 
data; (b) scaled data: k*s-CSM contact  = 0.94 *ks-CSM contact-19, k*s-CSM  = 0.5*ks-CSM-7.2 (TB NC27).
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Figure 3.14. Comparison of Case/Ammann ks , Dynapac CMVD , and Sakai CCV data on granular soil (TB FL18).

Figure 3.13. Observed relationship between Case/Ammann ks , Bomag Evib , and Caterpillar CMVC  (all smooth 
drum) on a mixed material test bed (TB MN42).

puted at ~30 Hz, whereas the CMV
CSM

 and CCV
CSM

 were 
computed at 1 Hz; therefore, differences within a meter are 
not considered. The biggest difference in trends can be ob-
served from x = 18 to 25 m. The CMV and CCV MVs trend 
well with each other and with k

s
 when the values are greater 

than approximately 8 to 10.

The correlations between various roller MVs are shown in 
Figure 3.16. The diagonals reveal the individual roller MV 
histograms. As anticipated, CMV

CSM
 and CCV

CSM
 exhibit the 

strongest correlation. Assuming that k
s
 is an effective measure 

of soil stiffness, the correlation plots reveal lack of sensitivity 
of both CCV

CSM
 and CMV

CSM
 for values less than approxi-

Figure 3.15. Relationship between independently determined ks-CSM , CMVCSM , and CCVCSM (TB NC27).
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mately 10, underscoring the findings in the literature (see 
Chapter 2). For values above 10, CMV

CSM
 and CCV

CSM
 are 

approximately linearly related to k
s
 and therefore provide ef-

fective measures of soil stiffness.

3.5	 	Measurement	Value	Dependence	
on	Machine	Parameters

Measurement systems are typically standardized; that is, 
the magnitude, rate, and procedure are established to be con-
stant from test to test. With CCC and IC rollers, however, 
measurement occurs during roller operation, and roller op-
eration parameters can vary considerably. The fact that roller 
MVs are influenced by roller operating parameters is reason-
ably well known (as was described in Chapter 2). What is not 
clear is whether the influence of operational parameters on 
roller MVs is predictable and therefore can be allowed during 
roller-integrated CCC specifications. This section character-
izes the influence that eccentric force amplitude, vibration 
frequency, roller speed, and direction have on roller MVs. 

3.5.1  dependence of roller measurement 
values on eccentric excitation 
amplitude

The Ammann smooth drum IC roller was operated on 
the previously discussed TB MN42 to evaluate the influence 
of theoretical amplitude A (per Equation 2.2). Figure 3.17a 
presents roller MV records for low, medium, and high am-
plitudes. The nature of the roller k

s
 dependence on A varies 

along the 50 m (164 ft) test bed. The dependence of k
s
 on A 

was considerably more significant for x = 20 to 30 m than for 
x = 37 to 48 m [see percentage difference in mean roller MV 

Figure 3.16. Observed correlations between ks-CSM , 
CMVCSM , and CCVCSM  (TB NC27).

Figure 3.17. Influence of A on ks (smooth drum) on granular and fine-grained material (TB MN42).  Percentage 
difference in mean roller MV shown for two regions: x = 20 to 30 m (left); x = 37 to 48 m (right).
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(%ΔMV) in Figures 3.17b and c]. Similar results were found 
for the other rollers and soils (see Appendix B). The depen-
dence of roller MV on A is not simply MV dependent but 
also (as discussed later in Chapter 4) depends on the soil and 
layering present.

The dependence of roller MVs on excitation frequency was 
examined with the Sakai and Ammann/Case rollers (see Fig-
ures 3.18 and 3.19). The strong frequency dependence of CCV 
is related to partial loss of contact, similar to that described 
above. At f = 20 Hz the Sakai roller is close to resonance and 
exhibits a considerably higher degree of loss of contact than 
at f = 25 Hz. The influence of frequency on k

s
 is more subtle 

yet still evident.

3.5.2  Influence of roller Speed on 
measurement values 

The influence of forward travel speed on roller MVs was 
investigated with numerous CCC and IC rollers. Shown 
below are the results of testing on fully compacted material 
using various rollers. In all cases, roller MV records from two 
forward travel speeds are compared. The E

vib
 data shown in 

Figure 3.20 exhibit a mean decrease of 6.3% from 0.8 m/s (2.6 
ft/s) to 1.5 m/s (4.9 ft/s). However, some areas reveal similar 
E

vib
 for the two speeds; therefore, the results are inconclu-

sive. Both Sakai CCV (see Figure 3.21) and Dynapac CMV
D
 

(see Figure 3.22) exhibit a decrease in value with increasing 
speed. At higher speed the vibration energy is spread over 
more soil, and therefore the degree of partial loss of contact 
is reduced. These results agree with the literature presented 
in Section 2.1.2.

3.5.3  Influence of forward and reverse 
driving directions on roller 
measurement values

Most production compaction efforts occur in a forward/
reverse driving pattern. It follows that measurement would 
be convenient during both forward and reverse operation. 
The influence of driving mode was investigated on the Am-
mann, Bomag, Dynapac, and Sakai rollers. Typical results are 
presented in Figure 3.23. The figure indicates that Case/Am-
mann k

s
 decreases by approximately 10% when driving in the 

reverse direction. The significant discrepancy for x = 15 to 30 
m may be due to misalignment of the roller in the presence of 
heterogeneous soil (see Section 3.6). Results from other roller 
investigations are provided in Appendix B. The data pre-
sented here and in Appendix B, though limited, suggest there 
are only subtle differences in forward versus reverse mode 
driving. Site-specific evaluation of the influence of driving 
mode on roller MV should be performed if roller MVs are to 
be considered in both directions. 

Figure 3.18. Influence of excitation frequency on Sakai CCV (TB FL6).

Figure 3.19. Influence of excitation frequency on Case/Ammann ks (TB NC27).
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Figure 3.21. Influence of roller speed on Sakai CCV (f = 20 Hz) (TB F6).

Figure 3.20. Influence of roller speed on Bomag Evib (TB CO42).

Figure 3.23. Influence of forward and reverse driving modes on ks (smooth drum; TB MN17).  Percentage differ-
ence (forward/reverse) is shown in plot b. 

Figure 3.22. Influence of roller speed on Dynapac CMVD (TB CO33).
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3.6		Influence	of	Transverse	Soil	
Heterogeneity	on	Roller	
Measurement	Values

Soil density, moisture, and stiffness vary locally. A review of 
the roller MV records presented in this chapter illustrates that 
soil properties vary, sometimes considerably, within a length 
scale of tenths of a meter (one-third of a foot). With a report-
ing resolution as low as 0.1 m (0.3 ft), roller MVs are capable 
of capturing the variability in the x direction. In the trans-
verse direction, however, the 2.1-m (6.9-ft)-long rigid drum 
coupled with current instrumentation and MV algorithms 
are unable to reflect y-direction (transverse) heterogeneity. 
This section addresses the influence that transverse soil het-
erogeneity can have on roller MVs and, in turn, the limitation 
of roller MVs as a result of transverse heterogeneity. 

A 100-m (330-ft)-long fully compacted lane [2.1 m (6.9 
ft)] of clayey silt was traversed in the forward north and for-
ward south travel directions. Figure 3.24 shows the result-
ing E

vib 
and CMV

D
 data records. The accelerometers on the 

Bomag roller from which the MV is derived are housed on the 
drum end, as depicted in Figure 3.24 (the driver’s left). The 
accelerometer location for the Dynapac roller is opposite (the 
driver’s right). This 100-m (330-ft)-long stretch of subgrade 
is clearly heterogeneous in the x direction. Figure 3.24 shows 

that the bidirectional roller MV records are different for al-
most 40% of the 100-m (330-ft) length.

The directional dependence of roller MVs was investi-
gated by performing light weight deflectometer (LWD) 
tests across the drum lane at the locations in Figure 3.24 
identified with arrows. The LWD results are presented in 
Figure 3.25, along with the roller MVs reported at the posi-
tion of the accelerometer. At each location eight LWD tests 
were performed across the lane. The LWD results explain 
the directional dependence observed in the roller MVs. In 
Figure 3.25a, LWD data clearly show the lane is stiffer on 
the west side. This is corroborated by the higher roller MVs 
when the sensor is in the west (W) position. In Figure 3.25b 
the roller MVs are relatively equal in both directions, yet 
the LWD data are quite heterogeneous. The heterogeneity is 
symmetrical, however, and therefore leads to symmetry in 
the roller MV data. 

The directional dependence of roller MVs in the presence 
of local heterogeneity has implications for the use of roller-
integrated CCC and the implementation of specifications. To 
best relate roller MVs to spot-test measurements, multiple 
spot tests should be performed across the drum lane. The 
implication of directional dependence suggests that if pass-
to-pass analysis is to be performed, consecutive passes must 
follow similar paths.

Figure 3.24. Observed differences in directional roller MV (TB MD20) due to soil heterogeneity: (a) Bomag roller 
Evib , (b) Dynapac roller CMVD .
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3.7	 	Conclusions	and	
Recommendations	

The following conclusions can be drawn from the results 
presented in this chapter: 

•	 Each vibration-based roller MV investigated—Ammann 
and Case/Ammann k

s
, Bomag E

vib
, Dynapac CMV

D
, and 

Sakai CCV—is a reflection of soil stiffness over a spatial 
distance that varies across MVs [0.06 to 1.0 m (0.2 to 3.3 
ft) observed]. The reporting resolution of roller MVs in the 
direction of roller travel varied from 0.2 to 1.0 m (0.66 to 
3.3 ft). To ensure full coverage with roller-integrated CCC, 
the spatial distance over which a single roller MV is re-
ported should equal the reporting resolution. The report-
ing spatial resolution should be no less than 10 times the 
GPS accuracy; for example, if RTK differential GPS is used 
(recommended), the spatial resolution should be no less 
than 0.25 m [0.82 ft; with GPS accuracy = 2.5 cm (0.082 
ft)]. 

•	 The GPS-based position reporting of roller MVs exhibited 
errors of 0.4 to 1.5 m (1.3 to 4.9 ft) for the rollers and mea-
surement systems investigated. A position reporting verifi-
cation procedure was developed and is recommended for 
roller-integrated CCC specifications (see Chapter 7). 

•	 Repeatability testing of properly working CCC/intelligent 
compaction rollers and roller measurement systems re-
vealed an uncertainty of ±10% (one standard deviation); 
that is, a repeated pass over the same area will yield in-

dividual roller MVs within ±10%. A repeatability testing 
procedure was successful in identifying when a roller or 
roller measurement system was faulty. Repeatability test-
ing of pad foot measurement systems revealed single MV 
uncertainties in excess of ±25%. The repeatability testing 
procedure outlined in this chapter is recommended for 
CCC specifications and is described further in Chapter 7.

•	 Roller MVs are influenced by the magnitude of eccentric 
force (or theoretical drum vibration amplitude A). From 
low to high A vibration on the same material, roller MVs 
were found to vary by as much as 100%. The amplitude 
dependence of roller MVs was not determinate and not 
predictable. Roller MVs were found to increase, decrease, 
or remain the same with increasing A depending on the 
soil and layering conditions. The nature of A dependence 
of roller MVs is discussed from a perspective of soil me-
chanics in Chapter 4. Owing to the unpredictability in A 
dependence, a fixed amplitude is recommended for roller-
integrated CCC. 

•	 CCV and CMV
D
 were found to decrease considerably with 

increased roller speed. The influence of roller speed on E
vib

 
was inconclusive within the uncertainty of the measure-
ment approach and the limited data collected. These find-
ings suggest that roller speed should be fixed when using at 
least CCV and CMV

D
 during QA. 

•	 Roller MVs were found to be mildly dependent on forward 
versus reverse driving modes. Roller MVs differed by 2% 
to 13% in forward versus reverse driving mode. Given that 
typical compaction work involves forward/reverse driving 

Figure 3.25. Comparison of transverse ELWD profiles with bidirectional roller MVs (TB MD20); roller MVs are de-
picted at the sensor offset locations.
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sequences, there is considerable benefit to using roller MVs 
in both forward and reverse modes. Forward and reverse 
mode measurement should be considered; however, site-
specific calibration is required to characterize and verify 
the relationship between forward-measuring and reverse-
measuring roller MVs. 

•	 The vibration-based roller MVs investigated—Ammann 
and Case/Ammann k

s
, Bomag E

vib
, Dynapac CMV

D
, and 

Sakai CCV—correlate well with each other over a range 
of soft to stiff soil conditions. CCV and CMV were found 
to be insensitive to soil stiffness below values of approxi-
mately 8 to 10, as is consistent with the literature. 

•	 Many of the roller MVs employed by manufacturers were 
validated using independent instrumentation and imple-

mentation of published roller MV algorithms. This dispels 
the “black box” mentality that would inhibit implementa-
tion within the engineering community. 

•	 Local soil heterogeneity transverse to the direction of roller 
travel has a significant influence on roller MVs. Owing to the 
nature of drum instrumentation, roller MVs are direction-
ally dependent on heterogeneous soil. Roller MVs collected 
by traversing in opposite directions were found to vary by 
100% due to transverse soil stiffness variability. This was 
confirmed by LWD testing across the drum lanes. As a re-
sult, spot testing should be conducted across the drum lane 
when correlating to roller MVs, and great care should be 
used when performing spatial statistical analysis of pass-to-
pass data maps in the presence of heterogeneity.
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Relationship Between Roller-Based 
stiffness and in situ Response

c h a p t e r  4

This chapter explores the relationship between roller-
measured stiffness and in situ stress-strain-modulus be-
havior. Numerous vertically homogeneous embankments 
and layered subgrade/subbase/base TBs were instrumented 
with stress and strain sensors at multiple levels to capture in 
situ behavior during static and vibratory roller passes. Three 
smooth drum vibratory rollers were operated over the TBs: 
Ammann AC110, Bomag BW213, and Sakai SV510 with in-
dependent instrumentation (see Table 4.1). The three dis-
tinct force delivery approaches employed by the three rollers 
were summarized in Chapter 2. This chapter describes how 
current stiffness-based vibratory roller measurement values 
(MVs; i.e., E

vib
, k

s
) are related to in situ soil response in verti-

cally homogeneous and layered structures. From a mechan-
ics perspective, this chapter explains the vibration amplitude 
dependence of roller MVs and measurement depth of the 
instrumented roller. This chapter also discusses the sensitiv-
ity of roller-measured stiffness to thin lifts (e.g., base over 
subbase/subgrade). A detailed, more technical presentation 
of this investigation and the results is provided in Rinehart 
& Mooney (2009a, 2009b), Rinehart et al. (2008, 2009), and 
Mooney & Rinehart (2009).

4.1	 	Roller-Induced	Stress	
Paths	and	Levels

In current pavement design procedures, laboratory-
determined resilient modulus (M

r
) serves as one key per-

formance indicator for unbound materials. In addition, 
mechanistic-empirical (M-E) pavement design promotes 
the use of layered analysis and nonlinear modulus functions. 
To enable performance-based QA, the relationship between 
roller-measured soil stiffness and soil modulus must be bet-
ter understood, including the relationship between the stress 
state/stress path induced by vibratory roller loading and the 
stress state/stress path used in laboratory M

r
 testing (AAS-

HTO T307).
A considerable amount of testing has been performed to 
characterize the stress-dependent nature of M

r
. The consen-

sus model describing M
r 
of granular soils that reflects the 

confining and deviator stress dependence of soil (Uzan 1985, 
Witczak & Uzan 1988) is given by: 

M k p
p

q

p

k k

r a
a a

=











1

θ 2 3

  (4.1)

table 4.1. Summary of roller parameters.

Roller Characteristic Ammann AC110 Bomag BW213 Sakai SV510

Drum width, m (ft) 2.20 (7.22) 2.13 (7.00) 2.13 (7.00)
Drum radius, m (ft) 0.75 (2.46) 0.75 (2.46) 0.75 (2.46)
Static mass, kg (lb) 11,500 (25,350) 14,900 (32,850) 12,500 (27,600)
Static linear load,   kN/m (kip/ft) 31.5 (2.2) 42.4 (2.9) 32.2 (2.2)
Operating frequency (Hz) 20–34 28 37, 28c

Vertical eccentric force F
ev

, kN (kip) 0–277 (0–62)a 0–365 (0–82)b 186, 245 (42, 55)c

a One hundred preprogrammed amplitude settings.
b Six preprogrammed amplitude settings.
c Low- and high-amplitude settings.
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where p is the mean normal stress, q is the deviator stress, 
the bulk stress θ = 3p, p

a
 is atmospheric pressure, and k

i
 are 

best-fit parameters determined by evaluation of laboratory 
data. Santha (1994) determined model parameters k

i
 for a 

wide range of granular and cohesive soils. Average ± standard 
deviation values of k

1
, k

2
, and k

3
 were found to be 420 ± 173, 

0.34 ± 0.09, and -0.37 ± 0.10, respectively, for granular ma-
terials. For cohesive soil, average ± standard deviation values 
were reported to be 645 ± 252, 0, and -0.26 ± 0.13 for k

1
, k

2
, 

and k
3
, respectively. The deviator stress q is equivalent to the 

von Mises stress commonly used in solid mechanics and can 
be related to the octahedral shear stress τ

oct
 via q = 3 2τ

oct
/ . 

For assessment of laboratory M
r
 data, Equation 4.3 reduces 

to the commonly observed form q = (σ
z
 – σ

x
). 

Commercially available earth pressure cells (EPCs) and lin-
ear voltage displacement transducers (LVDTs; see Figure 4.1) 
were used to measure total normal stresses σ

x
,
 
σ

y
, and

 
σ

z
 and 

normal strains ε
x
, ε

y
, and ε

z
 induced by static and vibratory 

roller compactors. The sign convention used throughout in-
cludes z positive downward from the soil surface, x positive 
in the direction of roller travel, and y positive to the roller 
operator’s right. Total stresses were measured and assumed 
equal to effective stress. This is similar to the methodology 
employed in lab testing of M

r
, where total stresses are also 

measured and used to determine M
r
. While suction-induced 

pore pressures likely exist, their influence is considered mini-
mal compared to the high roller-induced normal stresses. 
A complete discussion of in situ measurement of stress and 

strain, including sensor dimensions, sensor calibration, field 
installation techniques, and measurement uncertainty is pro-
vided in Rinehart & Mooney (2009a).

To complement the measured in situ stresses from dis-
crete depths during vibratory roller passes, the complete 
state of stress was investigated with a boundary element 
method (BEM) approach (see Rinehart et al. 2008, 2009). The 
boundary element formulation used is appropriate for two-
 dimensional plane-strain conditions and can accommodate 
general anisotropy (Ting 1996). Experimental results show 
that plane strain conditions exist beneath the center of the 
2.1-m (6.9-ft)-long drum but not at the edges (Rinehart et al. 
2008). The two-dimensional approach offered by the bound-
ary element tool used here is a good first step in character-
izing the stresses induced by the vibrating drum.

Results from low-vibration amplitude roller passes over two 
different soils are discussed: clayey sand subgrade [A-6(1)] and 
granular subbase (A-1-b). To compare stress paths in the field 
and laboratory (i.e., during M

r
 testing per AASHTO T-307), 

profiles of mean normal stress p and deviator stress q were cal-
culated according to Equations 4.2 and 4.3. Figure 4.2 presents 
p-q stress paths from four depths during low-excitation force 
(F

ev
, see Section 2.1.1) vibratory roller loading on a clayey sand 

subgrade and granular subbase. The paths shown represent 
the least squares best fit to the in-ground sensor measurements 
determined by BEM analysis (see Rinehart et al. 2009 for more 
detail). The paths are not strictly linear, but it is a reasonable 
assumption. For the medium stiff subgrade of TB MN29, the 
maximum value of roller-induced q is much greater than that 
used in M

r
 testing. Figure 4.2 also shows that for base materials 

the slope of the p-q loading line m in M
r
 testing is very similar 

to that induced by the roller, 3.0 and 3.1, respectively. For sub-
grade materials, m varies between 1.8 and 2.2, lower than the 
value of 3.0 used in M

r
 testing.

In general, inspection of the p and q profiles with depth 
(see Rinehart et al. 2009) reveals that for z < 0.5 m (1.6 ft), 
levels of q observed in the subgrade material are greater than 
the highest value of q used in AASHTO T307 lab M

r
 testing by 

a factor of 1 to 3. For z > 0.5 m (1.6 ft), values of q observed 
in the field are similar to those used in lab testing. Levels of 
p in the subgrade material are greater than the highest lab 
value by a factor of 1 to 5 for z < 0.25 m (0.8 ft). Levels of p 
in the field are similar to lab levels at depths between z = 0.25 
(0.8 ft) and 0.5 m (1.6 ft); for z > 0.5 m (1.6 ft), lab levels 
of p are greater than those used in the field. For the subbase 
material [i.e., z = 0.25 m (0.8 ft) in Figure 4.2b], the levels of 
roller-induced q are greater than the highest value of q used in 
the lab by a factor of 1 to 2.5. Levels of p in the lab are greater 
than those observed in the field by a factor of 1 to 5. 

Figure 4.1. LVDT strain sensor (top) and EPC 
(bottom).
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4.2	 	Measurement	Depth	in	Vertically	
Homogeneous	Embankments

Roller MVs from typical highway construction earthwork 
rollers (11 to 15 tons) measure to depths significantly greater 
than a typical 15- to 30-cm (6- to 12-in)-thick lift and to 
depths greater than the 20- to 50-cm (8- to 20-in) depths 
of traditional spot tests [e.g., nuclear gauge, static PLT, and 
LWD; Mooney & Miller 2008]. Pavement earthwork involves 
various combinations and thicknesses of embankment sub-
grade, subbase, and base course materials; therefore, roller-
measured stiffness of homogeneous and layered structures 

will be significantly influenced by measurement depth. This 
section presents an investigation of roller measurement depth 
and how it is influenced by F

ev
.

4.2.1  measurement depth from layer 
Buildup experiments

One approach to experimentally assess measurement depth 
is to monitor roller-measured stiffness as successive layers of 
a stiff material are placed and compacted above a softer sub-
surface. Roller-measured stiffness provides a composite mea-
sure of the soil from the surface to the measurement depth 
and therefore should increase with increasing thickness of 
the overlying stiff material. Beyond a critical stiff soil thick-
ness H

c
, the roller-measured stiffness should remain constant, 

indicating it is no longer sensing the underlying soft mate-
rial. Figures 4.3a and b show how this layer buildup approach 
was used to investigate measurement depth. The study is de-
scribed in detail in Rinehart & Mooney (2009b).

These data suggest that the measurement depth (i.e., H
c
) 

reflected by the roller-measured stiffness is approximately 1.0 
to 1.2 m (3.3 to 3.9 ft) for this 11,500-kg (25,350-lb) Ammann 
roller when operated on this crushed stone (A-1-a) material. 
Within the 0.1- to 0.2-m (0.3- to 0.6-ft) uncertainty associ-
ated with this approach (i.e., one-half layer thickness), H

c
 does 

not depend strongly on F
ev

. This finding contradicts previous 
literature that indicates measurement depth varies consider-
ably with vibration amplitude (Anderegg & Kaufmann 2004, 
Kopf & Erdmann 2005); for example, H

c
 should have varied 

by 1.0 m (3.3 ft) over the range of F
ev

 tested here per the re-
lationship suggested by Anderegg and Kaufmann. In Section 
4.2.2 below, it is shown that H

c
 does vary slightly with F

ev
. It 

is also worth noting that the roller-measured stiffness does 
not begin to increase until the third lift of crushed stone [H > 
0.5 m (1.6 ft)], suggesting that roller-based stiffness measures 
are insensitive to “thin” layers of stiff soil over softer mate-
rial, which are common in pavement earthwork construction 
(e.g., base over subgrade). This critical point is discussed in 
more detail in Section 4.4.

Figures 4.4a and b show how the layer buildup approach 
was employed during a second experimental investigation of 
measurement depth. Seven layers of the crushed rock base 
material [totaling 1.72 m (5.64 ft) thick] were placed and 
compacted within a trench cut into a sandy silt embank-
ment (TB MD4). Several 15-ton Bomag roller-measured E

vib
 

records measured during the buildup of base course layers 
over subgrade are presented in Figure 4.4c. The embankment 
subgrade in TB MD4 had two distinct stiffness zones, as evi-
denced by the H = 0 m MV record. Figure 4.4d shows that the 
roller-measured stiffness values increase substantially with H 
and plateau at approximately H = 1.2 to 1.4 m (3.9 to 4.6 ft) 

Figure 4.2. Stress paths due to vibratory roller load-
ing and laboratory Mr testing per AASHTO T307: (a) 
subgrade soil, A-6(1) [f = 30 Hz, Fev = 87 kN (19.6 kip), 
v = 0.5 m/s (1.6 ft/s)] and (b) subbase material, A-1-
b [f  = 28 Hz, Fev = 88 kN (19.8 kip), v = 1.0 m/s (3.3 
ft/s)]; selected AASHTO T307 subgrade (S) and base 
(B) loading sequences shown for reference (adapted 
from Rinehart et al. 2009).
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Figure 4.3. (a) photo and (b) schematic of stiff-layer buildup portion of TB MN29, (c) roller-measured stiffness 
records at three values of stone thickness H, and (d) variation of roller-measured stiffness with H for three levels 
of Fev (adapted from Rinehart & Mooney 2009b).

for the stiffer section and at approximately H = 1.1 to 1.3 m 
(3.6 to 4.3 ft) for the softer section.

These data suggest that the measurement depth (i.e., H
c
) 

reflected by the roller-measured stiffness is approximately 1.1 
to 1.4 m (3.6 to 4.6 ft) for this 14,900-kg (32,850-lb) Bomag 
roller when operating on this crushed rock (A-1-b) mate-
rial. Similar to results from MN29, within the 0.1- to 0.2-m 
(0.3- to 0.6-ft) uncertainty of this technique, H

c
 does not vary 

strongly over these low, medium, and high F
ev

 values.
The base-to-subgrade stiffness ratio does not appreciably 

affect H
c
. An inspection of Figure 4.4d data shows that H

c
 was 

the same for both the soft and stiff subgrade sections [within 
the 0.1- to 0.2-m (0.3- to 0.6-ft) uncertainty]. For H > H

c,
 the 

roller-measured stiffness is not influenced by the underlying 
subgrade material. 

For base course thickness more typical of practice (i.e., H 
< H

c
), Figures 4.4d and e illustrate that roller-measured stiff-

ness is clearly a composite measure of the underlying sub-
grade and overlying base material. The relative contribution 
of each material to roller MV is a function of layer thickness, 
base/subgrade modulus ratio, F

ev
, and other roller/soil inter-

action factors (contact area, dynamics). A comparison of Fig-
ures 4.4d and e illustrates that the base-to-subgrade stiffness 
ratio influences the roller-measured stiffness for H < H

c
. This 

is described further in Section 4.4.

4.2.2  measurement depth from profiles of 
vertical Stress and Strain

Profiles of vertical stress and strain measured during roller 
passes on TB MN29 clayey sand and during the buildup of 
MD4 crushed rock over silt were examined to determine a 
mechanistic rationale for H

c
. Magnitudes of σ

z,peak
 and ε

z,peak
 

at the experimentally determined H
c
 [1.2 m (3.9 ft)] were 

identified from the TB MD4 theoretical profiles. Total and 
cyclic σ

z,peak
 and ε

z,peak
 at z = 1.2 m (3.9 ft) were found to be 

8% to 12% of their maximum values (termed σ
z,max

 and ε
z,max

) 
at or near z = 0 (see Table 4.2). The observed ratios of σ

z,peak
 

and ε
z,peak

 to their maximum values increased slightly with F
ev

. 
Specifically, cyclic ε

z,peak
 values increased from 9% of maxi-

mum at low F
ev

 to 11% of maximum at high F
ev

. These results 
suggest that H

c
 does increase slightly with F

ev
. Further, these 
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Figure 4.4. (a) photo and (b) schematic of stiff-layer buildup portion of TB MD4, (c) roller-measured stiffness re-
cords at three values of H, and (d–e) variation of roller-measured stiffness with H for three levels of Fev (adapted 
from Rinehart & Mooney 2009b).

results show that measurement depth is a function of stress 
and strain decay and that H

c
 is reached when stress or strain 

has decayed to about 10% of its peak value (i.e., at or near the 
surface). The relationship between H

c
 and cyclic ε

z
 reduction 

to approximately 10% of maximum is consistent with classi-
cal settlement analysis used in foundation engineering.

Given that roller MVs are based on cyclic deformation, the 
following analysis focuses on the decay of cyclic strain. The 
10% cyclic ε

z,peak
 criterion for estimating H

c
 was applied to the 

profiles of cyclic ε
z,peak

 from the TB MN29 clayey sand. Figure 
4.5a presents the variation of estimated H

c
 as a function of 

actual vertical drum displacement z
d
 from several IC roller 

passes. These values of z
d
 reflect the range of low to high F

ev
. 

Figure 4.5a shows that measurement depth increases from 
0.8 m (2.6 ft) at low F

ev
 and z

d
 to 1.2 m (3.9 ft) at high F

ev
 

and z
d
. Here, a 0.1 mm (0.004 in) increase in z

d
 corresponds 

to a 3-cm (1.2-in) increase in measurement depth. This is 
considerably less than the 0.1 mm (0.004 in) = 10 cm (3.9 in) 
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rule of thumb reported in the literature (e.g., Anderegg and 
Kaufmann 2004).

Using the 10% cyclic ε
z,peak

 criteria, measurement depth was 
estimated from data collected during IC roller passes on the 
MN29 clayey sand and on the MD4 crushed rock over silt (see 
Figure 4.5b). Two different IC rollers were used. Measurement 
depth is plotted versus F

ev
 because actual drum deflection 

values (z
d
) were not reported by both rollers. There is very 

good agreement across the two materials and rollers using the 
cyclic strain criteria. Additionally, the range of H

c
 observed 

experimentally in the layer build-up experiments agree rea-
sonably well and within the 0.1-0.2 m (0.3-0.6 ft) uncertainty 
of that technique. Regarding the measurement volume of 
roller MVs (i.e., 3D), Rinehart and Mooney (2009b) shows 
that peak stress and strain propagate roughly twice as far in 
the vertical direction than in the horizontal direction. The 
results presented here along with those in the literature show 
that a given roller-measured stiffness value is representative 

of soil approximately 0.25-0.3 m (0.8-1.0 ft) in front of and 
behind the center of the drum and to a depth of 0.8-1.2 m 
(3.0-3.9 ft). This area of influence is important to consider 
when performing correlations of roller-measured stiffness to 
spot-test measurements that reflect a much smaller volume.

4.3	 	Relating	Roller-Based	Stiffness	
to	In	Situ	Response

An important objective of this study was to understand the 
nature of roller-measured stiffness through its relationship 
to in situ soil modulus. This relationship holds the key to the 
development of performance-based specifications and the 
prediction of pavement performance using roller-measured 
soil properties. A more detailed presentation of these results 
is available in Mooney and Rinehart (2009).

As illustrated in Figure 4.6g-i, roller-based stiffness is de-
rived from cyclic drum deformation z

d
 and is indirectly influ-

table 4.2. σz and εz decay at the experimentally determined measurement depth.

F
ev

 (kN)
σ z z=1.2m

σ z ,max









  (%)

σ z z=1.2m

σ z ,max











Cyclic

 (%)
ε z z=1.2m

ε z ,max









  (%)

ε z z=1.2m

ε z ,max











Cyclic

 (%)

88 8.3 6.5 11.7 9.2
175 9.7 7.8 12.0 10.4
248 10.5 8.7 9.4 11.0
Mean 9.5 7.7 11.0 10.2

Figure 4.5. Variation of measurement depth with (a) actual vertical drum displacement zd from TB MN29 and (b) 
Fev from both TB MN29 and TB MD4 (adapted from Rinehart & Mooney, 2009b).
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enced by the soil response in the x and y directions. Similarly, 
a vertical dynamic deformation modulus M can be extracted 
from the cyclic in situ σ

z
-ε

z
 response to vibratory loading. 

As illustrated in Figure 4.6a-d, the cyclic soil response is cal-
culated by subtracting the portion due to the static roller 
weight. Figures 4.6e and f show individual cyclic σ

z
-ε

z
 paths 

and illustrate the measures of M evaluated in this study as 
determined from the σ

z
-ε

z
 response during vibratory roller 

passes over clayey sand subgrade and granular base material, 
respectively. M

L
 is the tangent modulus of the loading por-

tion of the σ
z
-ε

z
 response, and M

S
 is the secant modulus from 

zero σ
z
-ε

z
 through the point of maximum ε

z
. The extracted 

M values are not constitutive (e.g., Young’s modulus); rather, 
M is akin to a partially constrained dynamic modulus that is 
influenced by the σ

y
-ε

y
 and σ

x
-ε

x
 fields. In Figures 4.6h-i, k

1
 is 

equivalent to the stiffness term used by Bomag to determine 
E

vib
 (see Section 2.2.2) and is comparable to M

L
. The stiffness 

term k
2
 in Figures 4.6h-i is equivalent to Ammann k

s
 (see Sec-

tion 2.2.1) and is comparable to M
S
 (Mooney and Rinehart 

2009).

4.3.1 embankment Situations

Roller-measured stiffness was related to in situ moduli M 
from multiple depths within a 1-m (3.3-ft)-deep vertically 
homogeneous subgrade soil (TB MN29). Instrumentation 
was installed at four depths during construction of a clayey 
sand embankment test bed (see Figure 4.7a). Four lifts of 
the clayey sand subgrade soil (A-6(1)) were placed and com-
pacted with the IC roller with instrumentation in place, re-
sulting in a 1.0-m (3.3-ft)-thick layer of subgrade soil above 
the underlying crushed stone. This 1.0 m (3.3 ft) of subgrade 
soil extends beyond the measurement depth of the IC roller 
at low-medium amplitude levels (see Section 4.2). Therefore, 
roller MVs reflect the clayey sand only, and this test bed rep-
resents a vertically homogeneous embankment situation. 

Roller MVs and in situ stress-strain data were collected 
simultaneously during Ammann IC roller passes using vari-
ous excitation frequency and amplitude combinations. Fig-
ures 4.7b and c present M

L
 and M

S
 values determined at three 

depths during vibratory passes. The M versus vertical excita-
tion force amplitude F

ev
 (see Equation 2.1) data were char-

acterized statistically with power relationships (M
L
 = b(F

ev
)c) 

at each depth. Figure 4.7d shows that roller-measured k
s
 de-

creases as F
ev

 increases. Figures 4.7e and f illustrate the re-
lationship of in-situ M

L
 and M

S
 (from three depths) to the 

roller-measured k
s
. The data were collected over the range of 

F
ev

 shown using three excitation frequencies and four eccen-
tric mass moments.

As shown in Figures 4.7b and c, M
L
 and M

S
 generally in-

creased with depth and decreased with increasing F
ev

. The 

sensitivity of M
S
 values to depth and to F

ev
 was similar to that 

shown by M
L
. M varied by a factor of two for these low to 

high amplitude F
ev

 values typically employed in the field. M 
values also varied by a factor of two over the depths mea-
sured (0.14-0.65m [0.46-2.1 ft]). The variability of M with 
depth coupled with the varying stiffness along the length of 
the drum illustrate that roller-measured stiffness—even at 
low F

ev
—provides a composite reflection of a field of spa-

tially varying modulus, i.e., there is not just one value of soil 
modulus reflected in a roller MV. For performance-related 
specifications, this nonlinear variation in modulus should 
be taken into consideration together with the differences be-
tween roller-induced and traffic-induced stress conditions 
and their effect on modulus.

The observed M
L
 and M

S
 behavior as a function of F

ev
 are a 

field manifestation of the stress dependence of soil modulus 
that has been well established in the laboratory (e.g., Ishihara 
1996, Andrei et al. 2004). Generally, modulus increases with 
increasing confining stress and decreases with increasing 
shear (deviatoric) stress. For fine-grained cohesionless and 
cohesive soils, the decrease in modulus with increasing shear 
stress typically outweighs the increase in modulus due to in-
creasing effective confining stress (Andrei et al. 2004). Roller 
vibration induces both confining and shear stresses. Dur-
ing vibratory loading here, the substantial levels of σ

z
 and 

σ
y
 coupled with very low values of σ

x
 at x = 0 (see Rinehart 

and Mooney 2009a) lead to the significant levels of devia-
toric stress that results in the decrease in M with increasing 
F

ev
. The decrease in roller-measured stiffness with increasing 

F
ev

 has been documented previously for embankment granu-
lar material and attributed to stress-induced softening (e.g., 
Mooney & Rinehart 2007); these results now confirm this 
hypothesis.

Figures 4.7e and f show that roller-measured stiffness is 
positively correlated with M

L
 and M

S
 implying that changes 

in roller-measured stiffness are representative of the response 
of the soil. The strength of the M versus roller-measured stiff-
ness relationship (evidenced by R2) and the sensitivity of M 
to roller-measured stiffness (evidenced by slope of the best fit 
line) were found to be greater at z = 0.36 (1.2 ft) and 0.65 m 
(2.1 ft) than at z = 0.14 m (0.46 ft), implying that the roller 
MV is less reflective of soil very near the surface. 

The results illustrate one mechanism by which roller-
measured stiffness varies with F

ev
 during operation on 

vertically homogeneous embankment soil, a situation 
commonly encountered in earthwork. Generalizing to all 
vertically homogeneous embankments, the relationship 
between roller-measured stiffness and F

ev
 (or amplitude A) 

will be dictated by the stress-dependent modulus relation-
ship of the involved soil. Because the modulus relationship 
varies across soils, the relationship between roller-measured 
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Figure 4.6. Total roller-induced (a) σz , (b) ez , cyclic roller-induced (c) σz , (d) εz , individual σz-εz paths showing 
extraction of the vertical deformation moduli ML and MS for (e) subgrade soil, (f) base material, (g) free body 
diagram of roller drum, and Fs-zd paths showing extraction of roller-measured stiffness for (h) contact operation 
and (i) partial loss of contact operation (adapted from Mooney & Rinehart, 2009 and Rinehart & Mooney, 2009b).
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Figure 4.7. (a) MN29 embankment test bed schematic, (b-c) variation of in situ vertical deformation modulus 
with Fev , (d) variation of roller-measured stiffness with Fev and (e-f) correlation between roller-measured stiff-
ness and in situ vertical deformation modulus (adapted from Mooney & Rinehart, 2009).

stiffness and F
ev

 will not be unique and may change as the 
soil is compacted. 

The considerable variation of stress with depth combined 
with the stress dependent soil modulus indicates that the 
modulus field may vary significantly with depth. To inves-
tigate this, Equation 4.1 was used to calculate soil modulus 
based on the stress profiles calculated with the BEM model 
and typical k

i
 values for cohesive and granular soils (e.g., 

from Santha, 1994). Average k
i
 values are taken to be 420, 

0.25 and -0.30 for k
1
, k

2
, and k

3
, respectively. Applying Equa-

tion 4.1 with average k
i
 values to data from TB MN29 shows 

a relatively constant modulus profile, with only 10% varia-
tion from z = 0.25 to z = 1.0 m (0.8-3.3 ft) (see Figure 4.8a). 
However, results presented earlier from analysis of M

L
 and M

S
 

from in-ground instrumentation revealed that the modulus 
in TB MN29 was a factor of two greater at z = 0.65 m (2.13 
ft) than at z = 0.14 m (0.46 ft). Using k

i
 values more typical of 

a cohesive soil (e.g., 420, 0 and -0.6 for k
1
, k

2
, and k

3
, respec-

tively) results in a modulus profile more representative of the 
observed behavior (see Figure 4.8d) with modulus ranging 
from 37 MPa at z = 0.25 m to 71 MPa at z = 1.0 m (0.8-3.3 
ft). Figure 4.8 illustrates that the modulus profile with depth 
can vary considerably and is strongly dependent on modulus 
function parameters (Rinehart et al. 2009).

4.3.2 layered earthwork

Another common earthwork situation is the layered sys-
tem involving a base course overlying a subbase or subgrade, 
or a subbase course overlying a subgrade. In these situations, 
roller MVs provide a composite measure of the involved lay-
ers. In layered systems, the dependence of roller MV on F

ev
 

does not always parallel in situ modulus behavior as was the 
case in the homogeneous embankment discussed earlier. The 
structure of the layered system plays a significant role in the 
nature of the roller MV. As illustrated in Figure 4.9a, TB MD4 
was constructed by compacting several lifts of crushed rock 
subbase material (A-1-b) over a sandy silt subgrade A-4(0). 
In-ground instrumentation was installed in the subgrade and 
the first lift of subbase material to measure σ

z
 and ε

z
. Roller 

MV data (E
vib

) were collected during operation on the sub-
grade and on the first three lifts of subbase material.

Figures 4.9(b-d) illustrate the relationships observed be-
tween in situ M and F

ev
 and between roller-measured stiffness 

and F
ev

 observed during testing on MD4. Within the data from 
each lift, roller-measured stiffness values increased with F

ev
 

(Figure 4.9d), however, M
L
 and M

S
 in the crushed rock both 

decrease with increasing F
ev

 (Figures 4.9b and c). Focusing on 
M

L
 behavior because it more closely parallels the definition 
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Figure 4.9. (a) TB MD4 layered test bed schematic, (b-c) variation of M with Fev , (d) variation of roller-measured 
stiffness with Fev , and (e-f) correlation between roller-measured stiffness and M (adapted from Mooney & Rine-
hart 2009).

Figure 4.8. Modulus variation with depth in clayey sand subgrade (TB MN29) (adapted from Rinehart et al. 
2009).

of the roller-based stiffness measurement E
vib

, the decrease 
in M

L
 with increasing F

ev
 at z = 0.39 and 0.63 m (1.3, 2.1 ft) 

is consistent with shear stress-dependent modulus behavior. 
Similar to clayey sand behavior (TB MN29 presented earlier), 
the M

L
 versus F

ev
 sensitivity increased with depth, and was 

reasonably insensitive at z = 0.23 m (0.75 ft).

The layered structure is the primary cause for the increase 
in roller-measured stiffness with increasing F

ev
 despite the 

decrease in base course M
L
. As described in significant detail 

elsewhere (Mooney & Rinehart 2009), the stiffer base ma-
terial takes on a greater portion of the load with increasing 
F

ev
. Vibratory roller interaction with layered earthwork is in-
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fluenced by a number of factors including stress-dependent 
modulus of each material, drum/soil contact width, the stiff-
ness ratios of the involved layers, and roller/soil dynamics. 
The topic is not fully understood and is an area of ongoing 
research. 

Modulus profiles determined from the p and q distribu-
tions in TB MD4 are presented in Figure 4.10. The value of k

1
 

for the subbase material (z = 0-0.3 m [0-1 ft]) was increased 
beyond the range presented by Santha (1994) to account for 
the high stiffness of this material. Analysis of TB MD4 data 
shows that the modulus profile with average k

i
 values is nearly 

constant with depth within the base layer. However, the k
i
 

parameters have a significant influence on the variation of 
modulus with depth. Depending on k

i
 parameters selected, 

the modulus can vary more than 100% within only a 0.3-m 
(1.0-ft)-thick base layer (Rinehart et al. 2009).

In layered base over subbase or subgrade structures, roller 
MVs are a composite measure of the two materials. The 
modulus in the underlying subgrade material is considerably 

lower than the base course modulus (Figure 4.10), and mod-
ulus in base and subgrade materials can both vary signifi-
cantly with depth given the roller-induced stress states shown 
here. Therefore, knowledge of the roller-induced stresses and 
material specific k

i
 parameters combined with the appropri-

ate numerical analysis tools to predict performance is impor-
tant if roller MVs are to be used in pavement performance 
prediction.

4.4	 	Sensitivity	of	Roller-Based	
Stiffness	to	Thin	Lifts

Using typical highway construction rollers (11-15 ton) with 
low to high amplitude vibration, the measurement depth for 
vertically homogeneous embankment conditions was found 
to be 0.8-1.2 m (2.6-3.9 ft). The total thickness of most base-
subbase-subgrade structures is on this order, and therefore, 
roller MVs will reflect a composite action of these layers. As 
described in Sections 4.2 and 4.3, roller MVs on layered struc-

Figure 4.10. Modulus variation with depth in TB MD4 (adapted from Rinehart et al. 2009).
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tures are a function of layer thickness, the relative stiffness of 
the layers, vibration amplitude or F

ev
, and other drum/soil 

interaction factors. This section addresses the instrumented 
roller’s ability to sense stiff layers atop a softer subsurface, i.e., 
to what degree are roller MVs representative of a relatively 
thin layer or lift of base or subbase material atop subgrade? 
To address this question, several layered test beds were con-
structed. The stiff layer buildup experiments described earlier 
represent layered test beds, particularly when the first few lay-
ers of stiff material are being compacted (before the test beds 
approach the embankment condition). In addition, TB FL1-6 
and TB NC6-10 involved placement and compaction of thin 
lifts of aggregate base course material atop subgrade.

Figure 4.4 presented roller MV data records versus H for 
the crushed rock subbase (A-1-b) over soft and stiff sections 
of sandy silt subgrade (A-4(0)) (TBMD4). For H < H

c
, the 

roller MV is a composite measure of both the underlying sub-
grade and overlying stiff subbase layer. The contribution of 
the subbase increases with H. The roller-measured stiffness is 
more sensitive to the crushed rock base atop the stiffer sub-
grade than atop the softer subgrade. For the stiff subgrade 
(base/subgrade stiffness ratio ≈ 4), E

vib
 increased by 110% 

to 170% from the subgrade to the first layer of subbase. By 
contrast, E

vib
 increases 65% to 90% from the subgrade to the 

first layer of subbase on the soft subgrade portion of the test 
bed (base/subgrade stiffness ratio ≈ 10). This trend contin-
ues with the second lift of subbase material. Similar results 
are found by examining Figure 4.3d where the stiffness ratio 
of crushed stone (A-1-a) to clayey sand (A-6(1)) subgrade is 
also 10. This indicates that the roller MV is more sensitive to 
thin lifts when the subgrade is stiff.

Figure 4.4 also showed that an increase in amplitude (F
ev

) 
results in increased sensitivity to the stiff, overlying layer. This 

is in part attributable to an increased portion of stress being 
taken by the stiff material (Mooney & Rinehart 2009). How-
ever, as described earlier, roller-measured stiffness is ampli-
tude dependent, and it is unclear how the interplay of these 
two factors affects the results presented in Figure 4.4.

TBs FL1-6 were created to further explore the influence of 
layer stiffness ratio on roller-measured stiffness. As shown in 
Figure 4.11a, four 15-cm (6-in)-thick lifts of aggregate base 
material (A-1-b) were placed and compacted atop 30-cm 
(12-in)-thick granular subgrade (A-3) and ash-stabilized 
granular subgrade material (A-3). The ash-stabilized sub-
grade was prepared by in-place mixing 8 cm (3 in) of bed ash 
with 22 cm (9 in) of the native granular subgrade material. 
Figures 4.11b and c present roller-measured stiffness data and 
LWD modulus results collected during compaction of the 
stabilized subgrade and base material layers. Roller-measured 
stiffness k

s-CSM 
(computed from independent instrumentation 

installed by the research team on the Sakai CCC roller) was 
reported every 4 cm (1.6 in), and the data presented are the 
average of the MV over 1.0 m (3.3 ft) distance (the trends 
presented are representative of the test strip as a whole). The 
Prima LWD with a 300-mm (12-in), diameter plate was used 
(E

LWD-P3
). The average of five locations across the width of the 

drum is reported.
Figure 4.11a shows the roller-measured stiffness on the 

30-cm (12-in)-thick stabilized subgrade increases from less 
than 40 MPa after pass 2 to more than 60 MPa after pass 11. 
LWD test results show a similar trend during compaction of 
the stabilized subgrade with E

LWD-P3
 increasing from less than 

50 MPa after the second pass to more than 70 MPa after the 
12th (and final) pass. However, roller-measured stiffness data 
collected during compaction of the first lift of aggregate base 
material (Base L1 in Figure 4.11a), remain at approximately 

Figure 4.11. Roller MV and LWD test results during compaction of TB FL1-6.
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80 MPa throughout compaction, while E
LWD-P3 

increases from 
about 75 MPa after the second pass to 90 MPa after the sixth 
(and final) pass for the first lift of base material. Testing 
with the nuclear gauge revealed that unit weight increased 
from 16.83 kN/m3 (107.1 pcf) after pass 2 to 17.44 kN/m3

 

(111.0 pcf) after pass 6. The spot-test results indicate that 
compaction took place and the base material stiffened with 
consecutive roller passes. Therefore, the roller-measured stiff-
ness was insensitive to the compaction-induced stiffness in-
crease in this 15-cm (6-in) lift. Similar results were observed 
for the second 15-cm (6-in)-thick base lift. Note that the base:
stabilized subgrade modulus ratio (based on roller-measured 
stiffness and LWD testing) was about 2:1.

Figure 4.11b also shows that the roller-measured stiffness 
increased from 60 MPa to 110 MPa during compaction of the 
third 15-cm (6-in)-thick lift of base material (base L3). Here, 
the roller-measured stiffness was sensitive to compaction of 
a 15-cm (6-in)-thick layer atop existing (stiff) base material. 
These results show that the stiffness contrast between layers 
is critical. The sensitivity of roller MVs to compaction of thin 
lifts of subbase or base material improves as the stiffness con-
trast between the two layers decreases. This is consistent with 
previous findings (e.g., Mooney et al. 2005).

The influence of base course thickness on roller-measured 
stiffness was further examined on TB NC6-10. TB NC6-10 
involved compacting 15- and 30-cm (6-, 12-in) lifts of ag-
gregate base material atop a silty sand subgrade (see Figure 
4.12a). After compaction of the first 15-cm (6-in)-thick lift 
it was scarified (loosened) before an additional 15 cm (6 in) 
was placed. This 30 cm (12 in) of loose material formed the 
second lift of base material. This sequence was repeated for 

the third and fourth lifts. Figure 4.12b shows roller-measured 
stiffness data collected during compaction of the four distinct 
lifts of base material. The roller MV (E

vib
) was found to be 

fairly insensitive to compaction of the 15-cm (6-in)-thick lift 
directly atop the subgrade (Base L1). The roller MV sensitiv-
ity increases for the 30-cm (12- in)-thick lift placed directly 
atop the subgrade (Base L2). Roller MV sensitivity decreases 
for the 15 cm Base L3 and then increases significantly for the 
30 cm Base L4. Results from LWD testing (not shown here) 
confirm that compaction took place for all lifts. Note that 
the base:stabilized subgrade modulus ratio (based on roller-
 measured stiffness and LWD testing) was about 4:1. These re-
sults corroborate those presented in Figure 4.11 and illustrate 
that the sensitivity of roller-based stiffness to compaction of 
base course material over subgrade improves with increased 
lift thickness and as the modulus ratio decreases. For the two 
base over subgrade situations examined here, roller MVs were 
not sensitive to compaction of 15 cm (6 in) of base material 
placed directly atop subgrade material. 

Generalizing these findings to all layered situations is chal-
lenging due to the interplay of several factors including lift/
layer thickness, stiffness contrast between the layers, stress de-
pendency of the materials involved and the amplitude of vi-
bration. The results presented above indicate that CCC-based 
QA of thin base layers directly atop softer subgrade might 
be unreliable as roller-measured stiffness can be insensitive 
to these layers. With more knowledge of the roller-induced 
stress-strain field in layered situations and the ability to per-
form dynamic analysis of the roller-induced stress-strain 
field, it should be possible to more accurately predict each 
layer’s contribution to the composite stiffness.

Figure 4.12. Roller-measured stiffness data collected during compaction of TB NC7-10.
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4.5	Conclusions

The following conclusions can be drawn from the results 
presented in this chapter.

•	 Vibratory and static rolling induces a complex three-
dimensional stress-strain-modulus state in the soil. For 
vertically homogeneous embankment conditions and the 
11-15 ton smooth drum vibratory rollers used in this study 
(and commonly used in practice), the volume of soil re-
flected in a roller MV is cylindrically shaped extending to 
0.8-1.2 m (2.6-3.9 ft) deep and 0.2-0.3 m (0.7-1.0 ft) in 
front of and behind the drum. Therefore, for typical base, 
subbase, and subgrade structures, roller MVs are a com-
posite reflection of these layers. The contribution of each 
layer to the roller MV is influenced by layer thickness, rela-
tive stiffness of the layers, vibration amplitude, the stress-
dependent modulus function for each soil, and drum/soil 
interaction issues (contact area, dynamics). Sublift mate-
rial properties contribute significantly to roller MVs. 

•	 For embankment situations, the measurement depth 
of roller MVs is controlled by relative decay of roller- 
induced cyclic stress and strain and is reached when values 
have decayed to about 10% of their peak. The measurement 
depth was mildly influenced by vibration amplitude, i.e., a 
0.1 mm (0.004 in) increase in A yielded a 3-cm (1.2-in) 
increase in measurement depth. 

•	 Roller MVs were found to be insensitive to the compac-
tion of thin lifts (e.g., 15 cm [6 in]) of stiff base material 
placed directly over a soft subsurface. Roller MVs were 
more sensitive to compaction of 30-cm (12-in) lifts of the 
same stiff material over soft subgrade. Further, roller MVs 
were sensitive to compaction of 15-cm (6-in) lifts of base 
material placed atop similar (stiff) base material. The sen-
sitivity of roller MVs to compaction of thin lifts improves 
as the modulus ratio of the overlying stiff to underlying 
soft layer decreases and as layer thickness increases. These 
results imply that CCC-based QA of thin base layers atop 
softer subgrade may be unreliable.

•	 In situ stress-strain-modulus measurements at depths to 
1 m (3.3 ft) beneath the roller indicate highly nonlinear 
modulus behavior within the bulb of soil reflected in 
roller MVs. In base, subbase, and subgrade structures, 
modulus varies widely from layer to layer and within 
layers. Modulus values increased by a factor of two with 
depth in vertically homogeneous embankment test beds. 
In situ modulus is strongly influenced by the vibratory 

loading. A change in vibration amplitude from low to 
high created a two-fold change in modulus. 

•	 The amplitude (A) dependence of roller MVs—particularly 
stiffness measures such as E

vib
 and k

s
—is a result of stress-

dependent soil modulus, layer interaction, and drum/soil 
contact mechanics. For vertically homogeneous embank-
ment conditions, the nature of the MV-A dependence, that 
is, positive, negative, or neutral, depends on the modulus 
function parameters of the soil. Coarse granular soils (i.e., 
gravels) that are governed by mean effective stress-induced 
hardening may generally exhibit a positive roller MV-A 
dependence (i.e., increase in A yields an increase in roller 
MV). Conversely, finer grained granular soils (i.e., sands) 
and cohesive soils governed by shear stress-induced soften-
ing may generally exhibit a negative roller MV-A depen-
dence. (i.e., increase in A yields a decrease in roller MV). 

•	 The roller MV-A dependence of layered structures is more 
complex and is influenced by stress-dependent soil modu-
lus (modulus function parameters), layer thickness, relative 
stiffness of layers, and drum/soil interaction issues. Both 
positive and negative roller MV-A dependence is possible, 
even within the same material. The roller MV-A relation-
ship is site dependent and cannot be predicted a priori. 

•	 Levels of vibratory roller-induced deviator stress were 
found to be considerably greater than those used in M

r
 test-

ing, while levels of confining stress are considerably less. 
Even during low excitation force associated with finishing 
passes and proof rolling of compacted soil, estimated devi-
ator stresses q from z = 0-0.5 m (0-1.6 ft) in the clayey sand 
were up to three times greater than the maximum q values 
used for laboratory M

r
 testing of subgrade soils. Similarly, 

estimated q values in the crushed rock base course were up 
to 2.5 times greater than the maximum q used for labora-
tory M

r
 testing of base materials. For z > 0.5 m, field and 

maximum laboratory q values were reasonably similar. 
Conversely, values of p observed in the field were approxi-
mately 0.3-0.5 of those used during laboratory M

r
 testing 

(below z = 0.25 m).
•	 The extraction of mechanistic material parameters using 

roller-based measurements for performance-based speci-
fications consistent with M-E–based design (e.g., AAS-
HTO 2007 Pavement Design Guide) is possible. However, 
the extraction of appropriate parameters must account 
for the three-dimensional nature of the roller/soil inter-
action, the influence of layers, the nonlinear modulus of 
each involved material, and the dynamics of the drum/
soil interaction. 
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c h a p t e r  5

Intelligent systems sense their environment and adapt to 
improve performance. In the context of current roller tech-
nology, IC involves sensing via vibration-based measurement 
and adapting via feedback control of roller parameters. Auto-
matic feedback control (AFC) of the applied excitation force 
has been enabled by the recent introduction of variable exci-
tation force amplitude and, in some cases, variable excitation 
forcing frequency. Here, the roller adapts per the roller MV. 
Based on the unpredictable dependence of roller MV on ex-
citation amplitude and frequency (characterized in Chapters 
2, 3, and 4), specifications for QA using current CCC tech-
nology should require roller operation with constant opera-
tional parameters (amplitude, frequency, speed, direction). 
Therefore, CCC-based QA should not be performed during 
AFC operation (in its current form). AFC may be used during 
the compaction process (i.e., during non-QA roller passes). 
To this end, this chapter explores current AFC used by IC 
rollers and characterizes the benefits of using AFC for soil 
compaction. 

At the time of this study, three manufacturers offered com-
mercially available AFC of excitation force: Bomag, Case/
Ammann, and Dynapac. At a minimum level, each manufac-
turer controls the vertical excitation force amplitude to pre-
vent unstable jump mode vibration of the roller (see Section 
2.1.2). When the measurement system senses jump mode, the 
vertical excitation amplitude is decreased until the measure-
ment system indicates stable vibration. This level of AFC is 
aimed at protecting the roller from accelerated wear and the 
operator from chaotic response of the roller. The philosophy 
behind additional AFC varies across manufacturers. Dynapac 
does not perform additional AFC. Its philosophy regarding 
optimal compaction is to maximize excitation force during 
compaction (I. Nordfelt of Dynapac, 2009, personal commu-
nication). At the end of compaction, Dynapac recommends 
low-amplitude excitation as a finishing pass; however, this is 
not automatically performed. As described in Section 2.2.2, 

Bomag controls vertical excitation amplitude based on the 
relationship of the current E

vib
 to a limit E

vib
. The limit E

vib
 

is entered into the onboard computer by the operator prior 
to compaction. The vertical excitation is maximized within 
one of five levels chosen by the operator and decreased if E

vib
 

exceeds the limit. As described in Section 2.2.1, Ammann 
and Case/Ammann control the excitation amplitude and fre-
quency to maintain one of three levels of force transmitted 
to the soil. The operational approach and responsiveness of 
the Ammann/Case and Bomag AFC systems is presented in 
Section 5.1. 

AFC-based IC aims to provide improved compaction ef-
ficiency (e.g., fewer passes) as well as more uniform compac-
tion (e.g., Adam & Kopf 2004). Due to the amplitude and 
frequency dependence of roller MVs, it is difficult to assess 
the benefits of AFC using roller MVs. The benefits of AFC-
based IC must, therefore, be determined via independent 
assessment of compaction (i.e., density testing). Section 5.2 
presents an investigation of compaction efficiency and uni-
formity from IC based on spot-test measurements.   

	5.1	 	Operational	Evaluation	
Of	AFC-Based	IC

5.1.1 Bomag variocontrol

Bomag AFC (termed Variocontrol) was used over an area 
of compacted material where a wide range of soil stiffness was 
present (TB MN42). The data in Figure 5.1 illustrate the op-
erational principle of Bomag AFC. The roller was set to operate 
at maximum theoretical amplitude, A

max
 = 1.5 mm (0.059 in), 

and a preset limit of E
vib

 = 45 MPa. Recall that A is a surrogate 
for vertical excitation force (Equation 2.2). The operator must 
choose one of five maximum eccentric force levels [A

max
 = 0.6, 

1.1, 1.5, 2.1, 2.5 mm (0.024, 0.043, 0.059, 0.083, 0.098 in)] and 
must prescribe a limit E

vib
. Here, the choices of A

max 
= 1.5 mm 

analysis of intelligent soil 
Compaction
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(0.059 in) and limit E
vib

 = 45 MPa imply medium compactive 
effort and medium soil stiffness. As shown in Figures 5.1a and 
b, if E

vib
 > limit E

vib
, A is reduced to 0.6 mm (0.024 in). When 

E
vib

 < limit E
vib

, A is increased to A
max

. 
The E

vib
 record during AFC suggests that a very soft zone 

exists from x = 7 to 30 m. The implication within the Vario-
control system is that the soil in this area requires further 
compaction, and A

max
 is therefore prescribed. In actuality 

the material may be a different soil, it may be too moist, or 
the sublift soil may be soft, and additional passes would not 
improve conditions. For x < 7 m and x > 30 m, the implica-
tion is that the soil has reached near-final compaction and 
the lowest-possible A should be prescribed to prevent over-
compaction or loosening. Here, A = 0.6 mm (0.024 in) is pre-

scribed because it is the lowest A for which E
vib

 can be reliably 
measured.

The dependence of E
vib

 (and all roller MVs) on A can result 
in a misleading record of soil stiffness while operating in AFC 
mode. This is evidenced by the comparison of E

vib
 records 

collected during AFC and constant A roller passes in Figure 
5.1a. Constant A = 0.6 mm (0.024 in) and A = 1.5 mm (0.059 
in) roller passes were performed prior to the AFC pass. Com-
parison of E

vib
 records during constant A operation revealed 

quite a different stiffness profile. The nature and degree of 
roller MV dependence on A (termed MV-A dependence) are a 
complex function of material modulus functions and layered 
structure (see Chapter 4). A roller MV may increase with in-
creasing A (termed positive MV-A dependence), as shown for 

Figure 5.1. Bomag Variocontrol with f = 28 Hz, limit Evib = 45 MPa, and Amax = 1.5 mm (0.059 in; TB 
MN42).
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x > 30 m in Figure 5.1a. Conversely, a roller MV may decrease 
with increasing A (termed negative MV-A dependence), as 
shown for 7 < x < 30 m. The result of MV-A dependence can 
be a different and more variable roller MV record while op-
erating in AFC mode than in constant A mode. 

In Figure 5.1a, constant A operation and measurement 
reveal a much more uniform subsurface stiffness than that 
measured during AFC. Due to the E

vib
-A dependence, mea-

surement during AFC reveals an artificial and misleading 
level of variability in soil stiffness. The influence of E

vib
-A 

dependence can be observed from x = 6 to 7 m, as high-
lighted in Figures 5.1c and d. Here, E

vib
 decreases below the 

limit E
vib

, triggering an increase in A from 0.6 to 1.5 mm 
(0.024 to 0.059 in). The A = 0.6 mm (0.024 in) pass sug-
gests a subtle decrease in soil stiffness; however, due to the 
strong negative MV-A dependence, E

vib
 decreases from 40 

to 15 MPa. While a legitimate decrease in soil stiffness had 
to be present to trigger the increase in A, the soft area sug-
gested by the E

vib
 record is primarily a result of strong MV-A 

dependence. 
The MV-A dependence described above can also trigger 

AFC changes in A. Figure 5.2 shows Bomag AFC operation 
with a limit E

vib
 = 100 MPa and A

max
 = 2.5 mm (0.098 in). 

At x = 31 m, E
vib

 eclipses 100 MPa. The resulting decrease in 
A coupled with the strong positive E

vib
-A dependence causes 

E
vib

 to dip below 100 MPa and trigger an increase in A. This 
increase in A and the positive E

vib
-A dependence again causes 

E
vib

 to eclipse 100 MPa. The sequential decrease, increase, and 
decrease in A is driven by E

vib
-A dependence and not by a 

legitimate soft area.  

A second aspect of interest is the responsiveness of AFC 
(i.e., how quickly the roller adapts to threshold changes in soil 
stiffness). A closer look at two zones highlighted in Figures 
5.1c, d, and f illustrates the responsiveness. The limit E

vib
 was 

crossed six times during the AFC pass. The AFC reacted (i.e., 
A began to change) within 0.2 to 0.3 m (0.7 to 1 ft) of the po-
sition where the limit E

vib
 was crossed. The response distance, 

defined as the distance required for the roller to completely 
modify A, was found to be approximately 1 m (3.3 ft). These 
reaction and response distances speak to the ability of AFC 
to address very localized areas of poor compaction. The re-
action and response distances are a function of roller speed; 
here, the roller was traveling at a typical operating speed of 
1 m/s (1 ft/s). 

Bomag AFC was used on a second area where variable 
stiffness was present (TB MN43). Constant A passes reveal a 
strong positive E

vib
-A dependence. In one area (x = 55 to 70 

m), the surface gravel was underlain by old asphalt pavement, 
as reflected by the very high E

vib
 values in Figure 5.3a. During 

a constant A = 2.5 mm (0.098 in) pass, the Bomag roller ex-
hibited jump mode vibration from x = 59 to 67 m as a result 
of the high underlying stiffness (Figure 5.3). During an A = 
0.6 mm (0.024 in) pass, the roller did not experience jump-
ing. During AFC operation with a limit E

vib
 = 100 MPa, A was 

reduced for much of the stiff zone (see Figure 5.4), preventing 
the roller from entering jump mode. Similar to the behavior 
observed in Figure 5.2, Bomag AFC is artificially engaged by 
the positive E

vib
-A dependence. At numerous locations de-

picted in Figure 5.3c, E
vib

 eclipses 100 MPa and triggers a de-
crease in A. What follows are several cycles of E

vib
 increase and 

Figure 5.2. Bomag Variocontrol with f = 28 Hz, limit Evib = 100 MPa, and Amax = 2.5 mm (0.098 in; TB 
MN42).
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Figure 5.3. Bomag operation with and without feedback control, with Amax = 2.5 mm (0.098 in) and Evib 
limit = 100 MPa (TB MN43).

Figure 5.4. Comparison of Ammann constant-amplitude mode with AFC mode (TB MN43); A = 
theoretical amplitude and zd is measured amplitude.
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decrease due to the AFC of A and the positive E
vib

-A depen-
dence. The resulting variable E

vib
 record is artificial.

5.1.2 ammann aCe

As described in Section 2.2.1, the Ammann AFC system 
(termed Ammann Compaction Expert, ACE) maintains one 
of three contact force settings F

s(max)
. The F

s(max)
 is controlled 

by varying the eccentric mass positions (and thus A) and the 
frequency. Frequency is controlled to maintain the phase 
angle between vertical drum displacement and eccentric 
force between 140º and 160º. The level of A is then varied to 
maintain low [14 kN (3.1 kip)], medium [20 kN (4.5 kip)], or 
high (unlimited) F

s(max)
 (Anderegg & Kaufmann 2004).

The Case/Ammann roller was used in constant A and AFC 
mode on a variable stiffness test bed (TB MN43). Two con-
stant A passes were performed [A = 0.4 mm (0.016 in) and 1.7 
mm (0.067 in)], and two AFC mode passes were performed 
[F

s(max)
 = 20 kN (4.5 kip) and F

s(max)
 = unlimited]. Figure 5.4 

presents the measured soil stiffness k
s
, theoretical amplitude A, 

actual amplitude z
ˆ
, and vibration frequency f. The F

s(max)
 and 

phase angle data are not stored by the roller measurement sys-
tem. Values of k

s
 varied from 15 to 80 kN/m and represented 

a range of soft to stiff conditions. During constant A opera-
tion, z

d 
remained reasonably consistent with A in soft areas. In 

stiffer areas, z
d
 can be significantly greater than A (e.g., x = 45 

to 70 m). The Ammann roller exhibited jump behavior from x 
= 55 to 60 m during constant A = 1.7 mm operation, wherein 
the measurement of k

s
 and z

d
 is unreliable (values go to zero). 

To maintain constant F
s(max)

 while soil stiffness increases 
during AFC passes, the controller decreases A and increases 
excitation frequency. This occurs during both AFC passes. 
From x = 55 to 63 m, the soil stiffness remained fairly con-
stant and yields a constant F

s(max)
. In this case the controller 

does nothing since the F
s(max)

 is at the desired value. From x 
= 63 to 80 m, the stiffness decreases. To maintain F

s(max)
, the 

controller increases A. Vibration amplitude and frequency 
seemed to have an influence on k

s
 values. The k

s
 data from 

each pass trend similarly; however, the k
s
 at discrete locations 

could be highly variable between passes. For instance, at x = 
47 m, k

s
 ranges between 25 and 50 MN/m. 

5.2	 	Influence	of	AFC	on	Compaction

Test beds in Colorado and Maryland were selected to in-
vestigate the influence of AFC on compaction efficiency and 
uniformity according to measurement values (MVs) and spot-
test measurements. Operating the rollers in AFC and constant-
amplitude modes for alternate roller passes provided the op-
portunity to further evaluate AFC response distance and the 
effectiveness of AFC in preventing roller jumping. The test 

beds were selected primarily because they represented dif-
ferent underlying layer conditionsΔrelatively uniform versus 
highly variable. 

5.2.1  Uniform Underlying layer 
Conditions—Bomag

Two granular base layers (TBs CO16 and CO17) were 
prepared side by side and compacted in AFC and constant-
amplitude modes, respectively, to provide similar conditions 
for comparing compaction efficiency and resulting unifor-
mity for different machine operations. E

vib
 measurements 

were recorded for the same test bed in constant-amplitude 
mode and in AFC mode with two different limit E

vib
 values. 

During test strip construction, spot-test measurements were 
obtained at several intermediate compaction passes. The test 
bed conditions and material types are presented in Figure 5.5. 
The moisture content of the compaction layer material was 
relatively uniform between 4.0% and 5.6%. The underlying 
compacted subbase layers (TBs CO11 and CO12) were rela-
tively uniform and similar in terms of coefficient of variation 
(COV) according to spot-test measurements (see Table 5.1). 

TB CO16 was compacted in AFC mode for passes 1 through 
12 and in manual mode for passes 13 and 14. AFC with limit 
E

vib
 = 100 MPa was used for passes 1 through 8 with A

max
 = 

2.50 mm (0.098 in). For passes 9 through 12, limit E
vib

 = 120 
MPa with A

max
 = 1.90 mm (0.075 in) [v = 4 km/h (3.6 ft/s) 

constant throughout]. Spot-test measurements (γ
d
, E

LWD-Z2
, 

and California Bearing Ratio [CBR]) were obtained after 4, 
8, 12, and 14 passes. Figure 5.6 shows roller MVs (solid lines) 
in comparison with spot-test measurements. For reference, 
final pass spot-test and roller measurements for the underly-
ing subbase layer (TB CO11) are also presented. Figure 5.7 
shows the roller MVs in comparison with amplitude mea-
surements during compaction in AFC mode for passes 4, 8, 
and 12 and in manual mode for pass 14. 

TB CO17 was compacted in manual mode with A = 0.70 
mm (0.028 in) for passes 1 through 8, A = 1.90 mm (0.075 in) 
for passes 9 and 10, and A = 0.70 mm (0.028 in) for passes 11 
and 12 [v = 4 km/h (3.6 ft/s) constant throughout]. Spot-test 
measurements (γ

d
, E

LWD-Z2
, and CBR) were obtained after 4, 8, 

10, and 12 roller passes. Roller MVs in comparison with spot-
test measurements are presented in Figure 5.8. For reference, 
final pass measurements for the underlying subbase layer (TB 
CO12) are provided in Figure 5.8. 

Roller MV and spot-test measurement compaction curves 
for TBs CO16 and CO17 are provided in Figure 5.9. The aver-
age amplitude during AFC mode compaction for TB CO16 
decreased from pass 1 to pass 8, consistent with increasing 
average E

vib
 values. The COV of roller MV and spot-test mea-

surements after pass 8 for the two test beds are summarized 
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in Table 5.1 for purposes of comparing the final compaction 
pass uniformity. Compaction curves from spot-test mea-
surement average values from the two test beds show similar 
trends with no noticeable difference. The COV of spot-test 
measurements is similar after pass 8 for the two test beds. 
The COV of roller MVs for TB CO17 (21%) is higher than 
the COV of MVs for TB CO16 (12%). Given the significant 
fluctuations in A (see Figure 5.8) and the roller MV-A de-
pendence described in Figures 5.1 and 5.2 and visible in Fig-
ure 5.9, lower COV of roller MVs does not necessarily reflect 
increased uniformity. Final-pass roller MVs from constant-
amplitude operation (pass 12 or pass 14) for the two test beds 
produced similar COV (21%). During constant-amplitude 
operation, the COV of roller MVs provides a good measure 
of uniformity. The synopsis of results from this test bed study 
is that AFC operations did not produce improved compac-
tion or uniformity compared to constant-amplitude mode 
compaction for these test bed conditions [i.e., 0.15 m (0.5 ft) 
thick layer of base atop uniform subbase]. 

5.2.2  nonuniform Underlying layer 
Conditions—Bomag and dynapac

Results from granular base layer (TBs MD11, 13, 14) placed 
over compacted granular base layer (TBs MD6, 8, 9), and un-
derlain by subgrade (TBs MD2, 4, 5) are presented in this sec-
tion. The influence of heterogeneous underlying layer con-
ditions on MVs obtained in AFC mode is evaluated here in 
comparison with MVs obtained in constant-amplitude mode 
for two different roller MVs (CMV

D
 and E

vib
). These results 

are particularly interesting in that they demonstrate the influ-
ence of underlying layer conditions on AFC operations and 
resulting MVs. For CMV

D
 measurements, AFC compaction 

was performed using a preselected A
max

 setting. For Dynapac 
IC, the vibration amplitude in AFC mode is controlled to pre-
vent jump mode only. The degree of jump is measured by the 
bouncing value (BV). Reportedly, the vibration amplitude 
was reduced when BV approached 14. CMV

D
 was arbitrarily 

reported in the output as 250 for BV > 25.

Figure 5.5. Plan and profile views of granular base (TB CO16/17), subbase (TB CO11/12), and subgrade layer (TB 
CO1/2) construction.

table 5.1. Comparison of CoV of roller MVs and spot-test measurements.

Parameter

COV (%)

CO16 CO11a CO17 CO12

Pass 8 
(AFC)

Pass 14 
(Manual)

Pass 12
(Manual)

Pass 8  
(Manual)

Pass 12 
(Manual)

Pass 12
(Manual)

E
vib

12 21 12 21 21 18
E

LWD-Z2
12 10 14 10 10 15

γ
d

1 — 2 1 2 2
CBR 22 — 21 29 25 21

a Underlying subbase layer.
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Figure 5.6. Comparison of roller MVs with spot-test measurements from TB CO16 granular base layer (MVs ob-
tained in AFC and constant-amplitude modes) and underlying TB CO11 granular subbase layer (MVs obtained in 
constant-amplitude mode).

Figure 5.7. Roller MV and A measurements on TB CO16 granular base layer.
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Figure 5.8. Comparison of roller MV with spot-test measurements from TB CO17 base layer (AASHTO: A-1-a) un-
derlain by CO12 subbase layer (AASHTO: A-1-a) (MVs obtained in constant-amplitude mode).

The geometry of the soil layers and associated soil classi-
fications are presented in Figure 5.10. The granular base lay-
ers were placed at relatively consistent moisture content (w = 
3.5% to 5.0%). The subgrade TB MD2 was relatively soft and 
homogeneous, and TBs MD4 and 5 were relatively stiff and 
heterogeneous. TBs MD4 and 5 consisted of an isolated zone 
of fractured rock mixed with the subgrade soil. For TB MD2 
the average E

LWD-Z2 
= 5.9 MPa, with COV = 10%; for TB MD4 

the average E
LWD-Z2

 = 19.8 MPa, with COV = 45%; and for TB 
MD5 the average E

LWD-Z2
 = 30 MPa, with COV = 48%. 

After compaction passes, the test beds were mapped with 
the rollers using constant-amplitude and AFC settings. E

vib
 

measurements were obtained in constant-amplitude mode 
with nominal A = 0.70 mm (0.028 in) and A = 1.90 mm 

(0.075 in), and in AFC mode with limit E
vib

 = 40 MPa and 
80 MPa [f = 30 Hz and v = 4 km/h (3.6 ft/s) were constant] 
with A

max
 = 2.50 mm (0.098 in). CMV

D
 measurements were 

obtained in constant-amplitude mode with nominal A = 0.80 
mm (0.031 in) and A = 2.40 mm (0.094 in) and in AFC mode 
with maximum A = 2.50 mm (0.098 in) [f = 28 Hz and v = 4 
km/h (3.6 ft/s) were constant]. 

Figure 5.11 presents E
vib

 values obtained in constant-
amplitude and AFC modes for TBs MD11, 13, and 14. E

FWD
 

measurements are shown in comparison with E
vib

 values dur-
ing constant A = 0.70 mm (0.028 in) operation. Amplitude 
measurements (shown as gray lines) are also presented in 
comparison with E

vib
 measurements (shown as black lines) 

obtained in AFC mode. Similarly, Figure 5.12 presents CMV
D
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Figure 5.9. Comparison of roller MV and spot-test measurement compaction curves from TB CO16 (operated in 
constant-amplitude mode) and TB CO17 (operated in AFC mode).
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Figure 5.10. Plan and profile views of granular base (TBs MD6, 8, 9, 11, 13, 14) and subgrade layer (TBs MD2, 4, 
5) construction (layer thicknesses are nominal).

measurements obtained in constant-amplitude and AFC 
modes for TBs MD11, 13, and 14, along with E

FWD
 measure-

ments in comparison with CMV
D
 measurements with con-

stant A = 0.80 mm (0.031 in) operation. The underlying 
layer roller MVs are also shown in Figures 5.11 and 5.12 for 
reference. Both roller MVs and E

FWD
 measurements showed 

similar variation along the test beds, with relatively soft and 
homogeneous conditions on TB MD11 and relatively stiff 
and heterogeneous conditions on TBs MD13 and 14.  

E
vib 

measurements in constant-amplitude mode with A = 
1.90 mm (0.075 in) showed roller jumping (jump values > 
0) on TBs MD13 and 14, generally at locations with E

FWD-D3
 

> 120 MPa and E
vib

 > 100 MPa. During AFC mode compac-
tion with maximum E

vib
 = 80 MPa, no roller jumping was 

observed across the test beds and the amplitude was effec-
tively reduced to A = 0.6 mm (0.024 in) at locations where E

vib
 

was > 80 MPa. For AFC operation with maximum E
vib

 = 120 
MPa, the amplitude was reduced to A = 0.6 mm (0.024 in) 
where E

vib
 ≥ 120 MPa, but roller jumping was not prevented. 

Response distance for this test bed study was about 0.5 to 1 
m (1.6 to 3.3 ft).

CMV
D
 measurements in constant-amplitude mode with A 

= 2.40 mm (0.094 in) showed roller jumping at several loca-
tions across TBs MD13 and 14 with E

FWD
 > 120 MPa. In AFC 

mode the roller generally maintained A > 2.00 mm (0.079 
in) for the three test beds. No jumping was observed on TB 
MD13. Jumping was noticed on TB MD14 from about 0 to 
15 m, where the amplitude increased despite the increase in 
BVs. Response distance for this test bed study was about 0.5 
to 1.0 m (1.6 to 3.3 ft).

5.3	Conclusions	

The following conclusions can be drawn from the results 
presented in this chapter:

•	 The dependence of roller MVs on A can provide a misleading 
record of soil stiffness when operating in AFC mode. Both 
positive and negative MV-A dependence were observed dur-
ing testing and resulted in an artificial and misleading level 
of variability/uniformity in soil stiffness. For this reason, 
AFC that involves changing A is not recommended during 
measurement passes in QA (see Chapter 7).   

•	 The roller MV-A dependence can trigger AFC changes in 
A. This is problematic when roller MVs hover around a 
target or limit MV. 

•	 The response distance of AFC-based IC evaluated here was 
found to be approximately 1 m when operating at typical 
roller speeds, indicating that rollers in AFC mode can respond 
to relatively localized changes in soil conditions. AFC-based 
IC rollers would struggle to react to very localized areas of soft 
soil (e.g., above a buried pipe or narrow backfilled trench).

•	 An investigation of the influence of AFC-based IC on com-
paction efficiency and uniformity revealed no measurable 
benefits of AFC mode over constant-amplitude mode. Spot-
test measurements obtained from side-by-side test beds (e.g., 
one compacted using AFC and one compacted with constant 
low-amplitude vibration) did not show any significant dif-
ferences in soil compaction or uniformity of soil properties. 
Final-pass constant-amplitude roller MVs recorded on both 
test beds revealed no difference in uniformity. 
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Figure 5.11. Roller MV, amplitude, and jump measurements from AFC and manual high- and low-amplitude set-
tings with comparison to EFWD measurements and underlying layer roller MVs.
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Figure 5.12. Roller MV, amplitude, and BV measurements from AFC and manual high- and low-amplitude set-
tings with comparison to EFWD measurements and underlying layer roller MVs.

Intelligent Soil Compaction Systems

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22922


��   

Implementation of roller-integrated compaction moni-
toring technologies into earthwork specifications requires 
an understanding of relationships between roller MVs and 
soil compaction measurements. Previous studies (e.g., Floss 
et al. 1983; Samaras et al. 1991; Brandl & Adam 1997; White 
& Thompson 2008; Thompson & White 2008; White et al. 
2008a, 2008b, 2008c) have documented relationships be-
tween roller MVs and a variety of in situ soil properties but 
are generally limited to one roller measurement type and lim-
ited soil and field conditions.

This chapter presents results from a comprehensive evalu-
ation of five roller-integrated compaction measurement 
systems, each with a unique MV (i.e., MDP, CMV

D
, E

vib
, k

s
, 

CCV) and 17 different soil types. The relationships presented 
here are divided into three material groups: nongranular sub-
grade, granular subgrade, and granular subbase/base materi-
als. MVs were obtained from CCC and IC rollers set up with 
smooth and pad foot drums on 60 controlled TBs. The beds 
varied in material types, moisture content, and underlying 
layer support conditions. Roller MVs were obtained for dif-
ferent amplitude, frequency, and roller travel speed settings. 
The objectives of the evaluation were to (1) investigate simple 
linear relationships between roller MVs and various in situ 
point (spot-test) measurements, (2) identify key factors that 
influence these relationships, and (3) evaluate multiple re-
gression relationships that consider variations in soil condi-
tions and machine operation settings. A variety of conven-
tional and mechanistic related in situ spot-test measurements 
(i.e., γ

d
, CBR, E

LWD
, E

FWD
, E

V1
, E

V2
, CIV, k

SSG
) and laboratory M

r
 

test measurements were used in correlation analysis to MVs. 
In brief, results indicate that simple linear correlations be-

tween roller MVs and in situ point measurements are possible 
for a compaction layer underlain by relatively homogeneous 
and stiff/stable supporting layer. Heterogeneous conditions 
in the underlying layers, however, can adversely affect the 
relationships. A multiple regression analysis approach is 

described in this chapter that includes parameter values to 
represent underlying layer conditions when statistically sig-
nificant, to improve the correlations. E

LWD
, E

V1
, E

V2
, and E

FWD
 

measurements generally capture the variation in roller MVs 
better than γ

d
 measurements. DCP tests are effective in de-

tecting deeper “weak” areas [at depths greater than 300 mm 
(1 ft)] that are commonly identified by roller MVs and not 
by compaction layer point measurements. High variability 
in soil properties across the drum width and soil moisture 
content contribute to scatter in relationships. Averaging mea-
surements across the drum width and incorporating mois-
ture content into multiple regression analysis, when statisti-
cally significant, can help mitigate the scatter to some extent. 
Relatively constant machine operation settings are critical for 
calibration strips (i.e., constant amplitude, frequency, and 
travel speed), and correlations are generally better for low-
amplitude settings [e.g., 0.7 to 1.1 mm (0.028 to 0.043 in)]. 
A field testing protocol to obtain reliable correlations during 
implementation/roller calibration testing and establishing 
target values from simple and multiple regression relation-
ships are described in Chapters 7 and 8. 

An approach to relate M
r
 to roller MVs using labora-

tory-determined w-γ
d
-M

r 
relationships is described in this 

chapter. Despite the challenges involved in relating field to 
laboratory measurements, encouraging relationships are 
observed between roller MVs and M

r
. Similar to relation-

ships between MVs and compaction layer point measure-
ments, correlations are possible for materials with relatively 
stiff/homogeneous subsurface conditions. Again, heteroge-
neous underlying support conditions adversely affect cor-
relations. These correlations can be improved by including 
parameter values that represent the underling layer condi-
tions through multiple regression analysis. An approach to 
develop target values from the MV-M

r
 relationship with 

respect to a targeted in situ moisture content range is pre-
sented in Chapter 8. 

c h a p t e r  6

Relationships Between Roller 
Measurement Values and 
Point Measurements
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6.1	Materials	and	Testing

6.1.1 materials

A total of 17 different soils were evaluated as part of 60 TBs 
for the correlation study. The soils were divided into non-
granular subgrade (13 TBs), granular subgrade (9 TBs), and 
granular subbase/base (38 TBs) materials, depending on their 
soil classification and location within the pavement founda-
tion layers for each project (Table 6.1). Regression relation-
ships presented later in this report are separated according to 
these general material groupings. Detailed TB information, 
including soil classification, preparation and construction, 
roller operations, and roller data maps are provided in Ap-
pendix C. 

6.1.2 Test Bed Construction and Testing

Roller MVs and in situ point measurements (w-γ
d 
, DCP-

CBR, E
LWD

, E
FWD

, E
V1

, E
V2

, CIV
20-kg

, k
SSG

) were obtained from 
controlled TBs with varying plan dimensions [2.5 m × 30.0 m 
to 10 m × 65 m (8.2 ft × 98.4 ft to 33 ft × 213 ft)] to (1) evalu-
ate empirical relationships between roller MVs and in situ 
point measurements and (2) investigate the effects of mois-
ture content, amplitude, and underlying layer support con-
ditions on compaction layer roller MVs. In situ point mea-
surements were obtained at several locations at select roller 
passes to obtain measurements over a wide range of compac-
tion conditions. Point measurements were obtained at one 
or three test locations over the drum width. When three tests 

were performed, the point measurements were averaged over 
the drum width for comparison to the roller MV, which is 
representative of an integrated response over the drum width. 
Laboratory M

r
 tests were performed on “undisturbed” Shelby 

tube samples collected from a compacted subgrade test bed 
(CO3), and the measurements were directly correlated to the 
roller MVs. M

r
 tests were also performed on samples recon-

stituted in the laboratory to obtain w-γ
d
-M

r
 relationships for 

correlation to w-γ
d
-MV relationships.

Nuclear moisture-density gauges (ASTM D6938) and 
drive cylinders (ASTM D2937) were used to determine in 
situ w-γ

d
.
 
DCP tests (ASTM D6951) were performed to de-

termine CBR profiles using CBR = 292/(DCPI)1.12 (ASTM 
D6951) relationship (measured as mm/blow). Zorn, Keros, 
and Dynatest LWD devices set up with 200- or 300-mm (8- 
or 12-in) plate diameters were used to determine E

LWD
 (Zorn 

2003, Dynatest 2004). A Dynatest falling weight deflectom-
eter (FWD) device with 300-mm (12-in)-diameter plate was 
used to determine E

FWD
 (Maryland TB locations only). FWD 

loads were obtained that targeted three contact stresses: 400 
kPa, 500 kPa, and 650 kPa. E

V1
 and E

V2
 were determined using 

a 300-mm (12-in)-diameter plate at 100- to 200-kPa contact 
stress levels for nongranular and granular subgrade soils, and 
200- to 400-kPa contact stress levels for granular base/sub-
base soils. Poisson’s ratio ν = 0.4 was assumed for all soils, and 
shape factors f = π/2 for nongranular subgrade soils and f = 
8/3 for granular subgrade/subbase/base soils were assumed in 
E

LWD
,
 
E

FWD
, E

V1
, and E

V2
 calculations. More details on testing 

methods are presented in Appendix A. 

table 6.1. Summary of test beds and material types used in correlation study.

TB Number
USCS (AASHTO)a 
Classification Material Group Roller Drum Configuration

MN4–MN13 CL (A-6(5)) Nongranular subgrade Pad foot and smooth drum
CO1–CO3 SC-SM (A-4(3)), CL (A-6(7))

MD2–MD5 SM (A-2-4) Granular subgrade Pad foot and smooth drum
FL23 SP-SM (A-3)
FL24 SM (A-3)
FL25 SM (A-2-4), SP-SM (A-3)
NC1–NC2 SM (A-2-4)

MN17–MN39 SP-SM (A-1-b) Granular subbase/base Smooth drum
CO6–CO15 GW-GM (A-1-a)
CO16–20 SP-SM (A-1-a)
MD6–MD14 SP-SM (A-1-a)
FL19–FL20 SM (A-1-b)
NC4 SP-SM (A-1-a)

aUnited Soil Classification System (American Association of State Highway and Transportation Officials). 
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6.2		 	Simple	Linear	Regression	
Relationships

Simple linear regression analysis involves developing a 
relationship between independent and dependent variables 
using an intercept and slope coefficient. This analysis has the 
advantage of being simple enough to perform on a hand cal-
culator. For each linear univariate regression model, the coef-
ficient of determination R2 provides a measure of how well 
the regression model describes the data. The linear correla-
tion coefficient r used in the European specification options 

(see Chapter 2) is equivalent to R2 . For reference, correla-
tions considered acceptable per the European specification 
options meet the requirement of R2 ≥ 0.5. 

Although simple linear regression analysis is relatively 
straightforward, there are many factors that can affect the 
quality of the correlation between MVs and the various point 
measurement values. A list of these factors is provided to aid 
the reader in interpretation of the results. Multiple regression 
analysis was identified as one approach to overcome some of 
the factors that affect the simple linear regression relation-
ships and is discussed later in this chapter. 

6.2.1 analysis approach

Simple linear regression relationships were developed by 
considering in situ point measurements as “true” indepen-
dent variables and roller MVs as dependent variables using 
the model shown in Equation 6.1, where b

0
 = intercept, b

1
 

= slope, and α = point measurement value. Statistical sig-
nificance of the independent variable was assessed based on 
p- and t-values. The selected criteria for identifying the sig-
nificance of a parameter included p-value <0.05 = significant, 
<0.10 = possibly significant, >0.10 = not significant, and t-
value <-2 or >+2 = significant.

RollerMV
0

= +b b
1

α        (6.1)

6.2.2  factors affecting Quality of 
regression relationships

As with any regression analysis, it is important to identify 
factors that affect the quality of the regressions. Factors affect-
ing regression relationships are broadly identified in Table 6.2 
for the purpose of linking some of these factors to various TB 
conditions. This list was derived from linking TB conditions 
with correlation analysis but also from experiences gained 
from field tests as part of this study. Four examples described 
in the next section illustrate some of the TB conditions that 
led to development of Table 6.2. Heterogeneity in support 
conditions of layers underlying the compaction layer is one 
of the major factors that affect correlations between MVs 

and point measurements. This is largely due to differences in 
measurement depths between the roller and the point mea-
surements (see Figure 6.1). As discussed in Chapter 4, roller 
MVs from 11- to 15-ton vibratory rollers can be representa-
tive of conditions to depths of 1.0 to 1.2 m (3.3 to 3.9 ft). 
Use of underlying layer MVs and use of point measurements 
with comparable measurement influence depths are ways to 
overcome this obstacle. This approach is discussed in detail 
in the multiple regression analysis section. 

6.2.3  examples of Simple linear regression 
analysis 

Below are discussions from select TB studies to highlight 
different aspects of simple linear regression analysis. Detailed 
information for all TB regression analyses is provided in Ap-
pendix C. The examples present correlations of roller MVs 
to different in situ point measurements with homogeneous 
to heterogeneous support conditions and variable conditions 
across the drum and at different amplitude settings. These 
conditions represent some of the key aspects of regression 
analysis for all TBs summarized in Appendix C. 

6.2.3.1   Example 1: TB MN7(2)

TB MN7(2) was constructed by scarifying an existing 
nongranular subgrade layer (classified as CL according to 
the USCS classification) to a depth of about 350 mm (14 in) 
using a soil reclaimer and by moisture conditioning to w = 
13.0% to 14.5%. Plan dimensions of this TB were about 2.5 
m × 120 m (8.2 ft × 394.0 ft). Twelve compaction passes were 
performed with a Caterpillar CS-563E vibratory pad foot 
roller with constant operation settings using nominal A = 
0.80 mm (0.031 in), f = 33 Hz, and v = 4 km/h (2.5 mph). In 

table 6.2. Summary of factors affecting correlations 
between MVs and in situ point measurements.

No. Factors Affecting Correlations

1 Heterogeneity in underlying-layer support conditions

2 High moisture content variation 

3 Narrow range of measurements

4 Machine operation setting variation (e.g., amplitude, 
frequency, speed) and roller “jumping”

5 Nonuniform drum/soil contact conditions

6 Uncertainty in spatial pairing of point measurements and 
roller MVs (see Chapter 3)

7 Limited number of measurements

8 Not enough information to interpret the results

9 Intrinsic measurement errors associated with roller MVs 
and in situ point-test measurements (see Chapter 3)
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situ point measurements (γ
d
, CBR, and E

LWD-Z2
) were obtained 

at roller passes 0, 1, 2, 4, and 8 at five test locations along the 
centerline of the roller path. DCP tests indicated that the layer 
below the compaction layer [from 350 to 700 mm below the 
surface (14.0 to 27.6 in)] was relatively homogeneous with 
CBR = 14 to 18.

Figure 6.2 shows roller machine drive power (MDP) MVs 
as solid lines for roller passes 1, 2, 4, and 8 in comparison with 
in situ point measurements on the compaction layer. Com-
paction growth curves for average roller MV and in situ point 
measurements with a hyperbolic fit are presented in Figure 
6.3. The curves indicate that on average the roller MVs and 
in situ point measurements generally increased up to eight 
roller passes (note that a decrease in MDP indicates increas-
ing compaction). Linear regression relationships were devel-

oped based on spatially nearest point data (i.e., no averaging 
performed) as shown in Figure 6.3, producing correlations 
with R2 = 0.50 to 0.89. This example illustrates that with rela-
tively homogeneous compaction layer and underlying layer 
support conditions, good correlations (R2 ≥ 0.5) are possible 
between MDP and in situ point measurements. 

6.2.3.2  Example 2: TB FL19B

TB FL19B was constructed by placing a nominal 150-mm 
(5.9-in)-thick loose layer of granular base material (SM ac-
cording to the USCS classification) over relatively stiff stabi-
lized subgrade (E

LWD-Z2 
= 132 to 145 MPa). In situ moisture 

content of the base material was relatively consistent (w = 
8.8% to 9.2%). Thirteen compaction passes were performed 

Figure 6.1. Illustration of differences in measurement depths for different measurements.
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with a Dynapac CA362 vibratory smooth drum roller at con-
stant operation settings, with nominal A = 0.90 mm (0.035 
in), f = 30 Hz, and v = 4.0 to 4.5 km/h (2.5 to 2.8 mph). In 
situ point measurements (γ

d
 and E

LWD-Z3
) were obtained at five 

locations along the test bed after roller passes 1, 2, 3, 4, 8, and 
12. Tests were conducted at three positions across the width 
of the drum lane at each point measurement location. 

Compaction growth curves for average roller MVs (CMV
D
) 

and in situ point measurements with hyperbolic curves are 
presented in Figure 6.4. In situ point measurement data are 
presented separately for measurements along the center of 
the drum and measurements along the rear-wheel path. 
Different compaction trends were observed between center 
and wheel path measurements. On average, measurements 
along the center were about 1.1 to 1.6 times greater than 
measurements along the rear-wheel path (this observation 

should not be considered typical because at other sites simi-
lar measurements showed higher measurements in the wheel 
path as opposed to the center of the drum).

Linear regression relationships that were developed based 
on spatially nearest point data also are presented in Figure 
6.4. Results are presented separately for the average of three 
measurements across the drum width and for one mea-
surement at the drum center. Relationships for the average 
of three measurements showed significant improvement in 
correlations over one measurement at the center for γ

d
 and 

E
LWD

 from R2 < 0.5 to R2 > 0.8, while correlation to CBR was 
relatively high for both cases. Note that this example includes 
5 of 30 data points with CMV

D
 < 10. Chapters 2 and 3 showed 

that CMV < 10 is insensitive to soil stiffness due to the nature 
of the measurement. The inclusion of CMV

D
 < 10 generally 

artificially increases R2 and its use is not recommended. 

Figure 6.2. Example 1: Comparison between roller MV and in situ point measurements.
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Figure 6.3. Example 1: Average compaction curves of roller MV and in situ point measurements (top) and simple 
linear regression relationships between spatially nearest roller MV and in situ point measurements (bottom).

6.2.3.3  Example 3: TB NC4B

TB NC4B consisted of granular base material (SP-SM ac-
cording to the USCS classification system) that was scarified 
in place using a motor grader to a depth of about 100 mm 
(4 in). In situ moisture content of the material was relatively 
constant (w = 3% to 4%). Compaction was performed using 
a Case SV212 vibratory smooth drum roller with 16 roller 
passes at constant settings with nominal A = 0.80 mm (0.031 
in), f = 30 Hz, and v = 4.0 km/h (2.5 mph). In situ point 
measurements (γ

d
, E

LWD-Z2
, and E

LWD-D2
) were obtained after 1, 

2, 4, 8, and 16 roller passes at seven test locations, and DCP 
tests were performed after 16 roller passes. DCP tests were 
performed to a depth of about 400 to 850 mm (15.7 to 33.5 

in). Three point measurements were performed across the 
drum lane at each location. 

Figure 6.5 shows roller MVs (k
s
) as solid lines for 1, 2, 4, 8, 

and 16 roller passes in comparison with in situ point mea-
surements. The in situ point measurements did not track well 
with variations in MVs. Compaction growth curves for av-
erage roller MV and point measurements with a hyperbolic 
curve fit are presented in Figure 6.6. On average, roller MVs 
and point measurements showed limited increase in com-
paction from pass 1 to pass 4 [k

s
 from 15.5 to 18.0 MN/m, 

E
LWD-Z2 

from 40 to 52 MPa, E
LWD-D2 

from 65 to 72 MPa, and 
γ

d
 from 19.3 to 20.5 kN/m3 (123.1 to 130.7 lb/ft3)]. Aver-

age γ
d
 increased to 20.9 kN/m3 (133.3 lb/ft3) after pass 16. 

The MV compaction curve showed evidence of what can be 
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Figure 6.4. Example 2: Roller MV and in situ point measurement compaction curves (top) and simple linear re-
gression relationships between MVs and in situ point measurements (bottom).
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Figure 6.5. Example 3: Comparison MV and in situ point measurements.

interpreted as decompaction and recompaction for passes 7 
and higher. This is common for granular materials (e.g., White 
& Thompson 2008) and can often be overcome by alternating 
static and vibratory passes (see, e.g., Brandl & Adam 2000). 
Linear regression relationships between roller MVs and point 
measurements based on spatially nearest point data produced 
poor correlations (Figure 6.6). 

To further investigate the relationship between roller MVs 
and point measurement data, DCP tests are presented in 
Figure 6.7 along with pass 16 roller MVs. The CBR profiles 
showed a nonuniform subsurface layer below about 300.0 
mm (11.8 in) from the surface. Average CBR calculated from 
depths of 300 to 600 mm (11.8 to 23.6 in) are plotted in 
comparison with roller MVs in Figure 6.8. CBR values from 
depths of 300 to 600 mm (11.8 to 23.6 in) tracked well with 
variations in roller MVs along the test bed. Regression rela-
tionships between spatially nearest point roller MVs and CBR 
values produced a good correlation with R2 = 0.62.

The results presented here indicate that roller MVs can be 
insensitive to thin compaction layers and can be strongly in-
fluenced by underlying layers. This example also illustrates 
that in situ point measurements (e.g., γ

d
, E

LWD
) may not cor-

relate well with roller MVs when nonuniform subsurface 

conditions are evident at depths greater than the influence 
depth of the point measurements. In situ testing devices that 
provide information deeper than the compaction layer (e.g., 
DCP, FWD) can help interpret the vibratory roller MVs that 
are influenced by material to the measurement depth of 1 to 
1.2 m (3.3 to 3.9 ft) as described in Chapter 4.

6.2.3.4  Example 4: TBs MD6–MD9

TBs MD6–MD9 consisted of a nominal 150.0-mm (5.9-
in)-thick layer of granular base material (SP-SM according to 
the USCS classification). The TBs were mapped using Dyna-
pac CA362 and Bomag BW213-DH vibratory smooth drum 
rollers at a constant high-amplitude setting to assess the in-
fluence of drum “jumping” on correlations. CMV

D
 measure-

ments were obtained at constant settings with nominal A = 
2.40 mm (0.094 in), f = 30 Hz, and v = 4.0 km/h (2.5 mph). 
E

vib
 measurements were obtained at constant settings with 

nominal A = 1.90 mm (0.075 in), f = 28 Hz, and v = 4.0 km/h 
(2.5 mph). Roller “jumping” was measured as bouncing value 
(BV) for CMV

D
 and jump for E

vib
. Following mapping passes, 

E
V1

 measurements were obtained at 40 test locations across 
the test beds. 
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Figure 6.6. Example 3: Compaction curves of average roller MV and in situ point measurements and simple lin-
ear regression relationships.

Relationships between roller MVs and corresponding 
“jumping” values are presented in Figure 6.9. Based on theo-
retical simulations, Adam & Kopf (2004) and Anderegg (1998) 
found that accelerometer-based CMV, E

vib
, and k

s
 MVs are af-

fected by roller “jumping.” It was shown that with increasing 
ground stiffness the roller drum transitions to a jump mode, 
where the “jumping” values increase and the roller MVs de-
crease. With further increase in ground stiffness, the roller 
MVs decrease to a minimum value and then increase again 
(see Chapter 2). The relationships presented in Figure 6.9 for 
roller MVs and “jumping” values show a similar feature.  

Linear regression relationships developed between roller 
MVs and E

V1
 measurements are also presented in Figure 6.9. 

Roller MVs at three test locations were identified as being out 
of trend for CMV

D
 where BV > 10. Similarly, roller MVs at 

two test locations were found to be out of trend for E
vib 

where 
jump = 2. Regression relationships improved after removing 
the out-of-trend points due to drum jumping (R2 = 0.29 to 
0.72 for CMV

D
 and 0.47 to 0.71 for E

vib
). This example in-

cludes 10 of 38 data points with CMV
D
 < 10 that artificially 

increases R2. 
This example illustrates that it is important to remove 

roller MVs during drum “jumping” from the analysis. This 
is an issue, in particular, for stiff ground conditions when the 
machine is operated in the high-amplitude setting. Operating 
in the low-amplitude settings [e.g., A < 1.10 mm (0.043 in)] 
effectively eliminates jump mode. Further, AFC rollers auto-
matically reduce vibration amplitude when jump mode is de-
tected (although as discussed in Chapter 5, using AFC during 
quality control/quality assurance is not recommended). 
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Figure 6.7. Example 3: Comparison of pass 16 roller MVs with CBR profiles.

Figure 6.8. Example 3: Simple linear regression rela-
tionship between roller MV and CBR  from depths of 
300 to 600 mm (11.8 to 23.6 in).

6.2.4  Summary of Simple linear regression 
analysis 

Simple linear regression relationships between the various 
in situ point measurements and roller MVs for the referenced 
test beds with nongranular subgrade, granular subgrade, and 
granular subbase/base materials are summarized in Appen-
dix C. The regression relationships are identified with possi-
ble factor(s) (see Table 6.2) influencing the relationships (see 
notes on R2 values in Appendix C). For some cases with poor 
correlations, sufficient information was not available to iden-
tify a factor. A summary of observed range of R2 values for 
dry unit weight, modulus (i.e., E

LWD
, E

FWD
, E

V1
, E

V2
), and CBR 

measurements for different conditions is provided in Table 
6.3. The R2 values resulted in a wide range that is attributed 
to various factors that affect the regression relationships (as 
identified in Table 6.2). The influence of some of these factors 
(i.e., soil moisture content, compaction layer lift thickness, 
underlying layer properties) and machine operation settings 
(A, f, v) were statistically analyzed using multiple regression 
analysis, as discussed in the following section. 

MVs are generally better correlated to compaction layer 
modulus measurements compared to dry unit weight and 
CBR measurements, especially where the underlying layer is 
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Figure 6.9. Example 4: Influence of roller “jumping” on regression relationships, TBs MD6–MD9 (granular base 
material, USCS: SP-SM).

6.3	 	Multiple	Linear	
Regression	Analysis

Use of multiple regression analysis to statistically assess 
the influence of variability in underlying layer soil conditions 
and variability in machine operation conditions is presented 
in this section. Multiple regression analysis is performed by 
incorporating variables of interest as independent variables 
into a general multiple linear regression model, as shown in 
Equation 6.2. The statistical significance of each variable is 
assessed based on p- and t-values. The selected criteria for 
identifying the significance of a parameter included p-value 
<0.05 = significant, <0.10 = possibly significant, >0.10 = not 
significant, and t-value <-2 or >+2 = significant. The p-value 
indicates the significance of a parameter, and the t-ratio value 
indicates the relative importance (i.e., the higher the absolute 
value, the greater the significance). 

table 6.3. observed range of R2 values from simple 
linear regression analysis with roller MVs.

Material Modulusa CBR γ
d

Nongranular 
subgrade

0.1−0.7 0.1−0.7 0.0−0.6

Granular 
subgrade

0.3−0.7 0.0−0.4 0.1−0.5

Granular 
subbase/base

0.2−0.8 0.0−0.6 0.0−0.5

a Includes modulus obtained from LWD, FWD, and static PLT.

heterogeneous. For TBs with relatively homogeneous mate-
rial and subsurface conditions, MVs generally correlate well 
with dry unit weight, CBR, and modulus measurements. 
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	 		(6.2)

where b
0
 = intercept; b

1
, b

2
, b

3
, b

4
, b

5
, b

6
, b

7
, and b

8
 = regres-

sion coefficients; A = amplitude (mm); α = point measure-
ment value (γ

d
, E

LWD
, etc.); β = underlying layer roller MV or 

point measurement; γ = lift thickness (mm); f = vibration 
frequency (Hz); and v = velocity (km/h).

For multiple regression analysis, the reported R2 values 
have been adjusted for the number of regression parameters, 
as shown in Eq. 6.3, where n = the number of data points 
and p = the number of regression parameters. The adjusted 
coefficient of determination R2

adj
 from multiple regression 

analysis may be compared with R2 from simple linear regres-
sion analysis to assess which regression model best captures 
variation in the data. 

R R
n

n padj

2 =1 1
12–( – )

–

–
    (6.3)

Complications with collinearity should be avoided when 
performing multiple regression analysis. Collinearity refers 
to inclusion of two or more strongly related independent 
variables into a model to predict a dependent variable, which 
may result in misleading R2

adj
 values (Ott & Longnecker 2001). 

This is possible in the above-described model if, for example, 
underlying layer MV and point measurement values are in-
cluded together. Collinearity in a model can be detected using 
variance inflation factors (VIF). VIF of the ith independent 
variable is defined as 1/(1 – R

i
2), where R

i
2 is the coefficient 

of determination for the regression of the ith independent 
variable on all other independent variables. Although there 
are no formal criteria on the acceptable magnitude of VIF, a 
common rule of thumb is that if VIF of the ith independent 
variable is <1/(1 – R2), where R2 is the coefficient of determi-
nation of the univariate model, then it can be concluded that 
the variable is not contributing to collinearity (Freund et al. 
2003). 

Example results of representative test beds where vibra-
tion amplitude, soil moisture content, and underlying layer 
conditions affected the regression relationships are discussed 
below. The influence of moisture content and underlying 
layer properties was assessed in the analysis of all test beds 
for which measurements were available. Variability in soil 
moisture content and underlying layer conditions was inten-
tionally introduced in the Colorado and Maryland test beds 
under controlled field conditions to study their influence on 
the relationships. Data obtained at different amplitude set-
tings were combined to assess the influence of amplitude. 
This process was exercised for all test beds/layers, and sum-
mary relationships are presented separately for nongranular 
subgrade, granular subgrade, and granular subbase/base ma-

terials in Appendix C. At the end of this section, results from 
multiple sites and test beds are combined in an attempt to 
capture a wide range of variations to obtain relationships be-
tween different roller MVs and modulus measurements (i.e., 
E

LWD
, E

V1
, E

V2
). 

6.3.1   Influence of Vibration Amplitude and 
Frequency

Two examples are presented in the following discussion: 
Example 1 describes data with influence of vibration ampli-
tude; Example 2 describes data with influence of vibration 
amplitude and frequency on roller MVs. 

6.3.1.1  Example 1: TBs MD6–MD9

Relationships between E
vib

 and E
V1

 measurements obtained 
from TBs MD6–MD9 with granular base materials are pre-
sented in Figure 6.10. E

vib
 measurements were obtained at A = 

1.9 and 0.7 mm (0.075 and 0.028 in) and constant f = 28 Hz 
and v = 4.0 km/h (2.5 mph) nominal settings. As described 
in Figure 6.9, the out-of-trend values due to roller “jumping” 
were not included in the analysis. 

For the multiple regression model to predict E
vib

, the inter-
cept was not significant and the R2

adj
 = 0.66 (Table 6.4) was 

lower compared to simple linear regression relationships (R2 
= 0.71 and 0.82). This is important to note because, although 
a parameter may be statistically significant in a multiple re-
gression model, it may not always contribute to an improved 
model fit. In this case it is appropriate to interpret the rela-
tionships between E

vib 
and in situ point measurements sepa-

rately for different amplitude settings, instead of combining 
the results. 

6.3.1.2   Example 2: TBs MN19, MN20, MN26, FL20A, 
FL20B, FL23A, FL23B, and FL25

Relationships between roller MVs (k
s
) and E

LWD-Z2
 mea-

surements obtained from TBs MN19, MN20, and MN26 and 
between roller MVs (k

s
) and E

LWD-Z3 
measurements from TBs 

FL20A, FL20B, FL23A, FL23B, and FL25 are presented in Fig-
ure 6.11. MN19, MN20, and MN26 consisted of granular base 
materials. FL20A and FL20B consisted of granular subbase, 
and FL23A, FL23B, and FL25 consisted of granular subgrade 
materials. The A and f settings in the beds varied from 0.3 to 
1.7 mm (0.012 to 0.067 in) and 25 to 33 Hz, respectively. Set-
tings in each bed are summarized in Figure 6.11.

Simple linear regression relationships while treating data 
from each test bed separately are presented in the legends for 
Figure 6.11. For MN test beds, R2 varied from 0.0 to 0.6, and 
for FL test beds, R2 varied from 0.4 to 0.6. As shown in Figure 
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6.11, the relationships showed different trends, primarily due 
to differences in the A and f settings between the test beds. 
Multiple regression analysis was performed by combining 
data from different MN and FL test beds by incorporating the 
E

LWD-Z2
, E

LWD-Z3
, A, and f values as independent variables. The 

analysis results (see Table 6.5) indicate that both A and f are 
statistically significant parameters for both MN and FL test 
beds with R2

adj
 = 0.80 and 0.79, respectively, for the models. 

The resulting predicted MVs using the multiple regression 
equation are shown versus the actual MVs in Figure 6.11. The 
regression coefficient for frequency (b

7
) is negative for MN 

test beds and positive for FL test beds. A negative coefficient 
suggests that increasing f causes a decrease in roller MV and 
vice versa for a positive coefficient. In contrast, the coefficient 
for amplitude (b

3
) is positive for MN test beds and negative 

for FL test beds. This indicates that the frequency and ampli-
tude dependency on roller MVs change with soil types and 
field conditions (see also Chapter 4). 

This example illustrates that an amplitude- and frequency-
dependent regression model would be suitable for interpreta-
tion of results for these site conditions and roller MVs. It is 
an interesting and encouraging finding that shows potential 
for analyzing measurements obtained in AFC mode and war-
rants more research. 

6.3.2 Influence of moisture Content

Results obtained from TB MN11 are discussed to dem-
onstrate the influence of moisture content on correlations 
between in situ point measurements and the MDP roller 
MV. The influence of moisture content on roller MVs for 
cohesive soils has been further documented by Thompson 
& White (2008). The test bed was constructed by placing a 
375.0-mm (14.8-in)-thick loose lift of nongranular subgrade 
layer (CL according to the USCS soil classification system). 
Maximum dry unit weight and optimum moisture content 
as determined by the standard Proctor method were 16.95 

table 6.4. Results of multiple regression analysis for influence of amplitude—MD6–MD9.

Model Term Estimate Std Error t-Ratio
Prob > t
(p-value) R2

adj
VIF

b
0

-14.67 9.28 -1.58     0.1183 —
E

vib
 = b

0
 + b

1
 E

V1
 + b

3
 A b

1
 2.72 0.23 12.02 < 0.001 0.66 1.00

b
3

 16.10 5.77  2.79     0.0066 1.00

Note: Check for no collinearity: VIF < [1/(1 – R2)].

Figure 6.10. Influence of amplitude on Evib —TBs 
MD6–MD9 granular base material (USCS: SP-SM).
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Figure 6.11. Influence of amplitude and frequency on roller MVs.
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kN/m3 (105.20 lb/ft3) and 16.4%, respectively. The test bed 
had plan dimensions of about 2.4 m × 90.0 m (7.9 ft × 295.3 
ft) and was divided into three 30.0-m (98.4-ft)-long sections 
with target moisture contents of approximately -3%, 0%, 
and +3% of standard Proctor w

opt
. The subgrade layer was 

moisture conditioned using a water truck and mixed using 
a reclaimer. 

Vibratory compaction was performed with eight passes of 
a Caterpillar CS-563E vibratory pad foot roller at nominal 
constant settings of A = 0.80 mm (0.031 in), f = 33 Hz, and 
v = 4.0 km/h (2.5 mph). In situ point measurements (w, γ

d
, 

E
LWD-K2

, CBR) were obtained at 15 test locations (five loca-
tions in each moisture section) along the test bed. Tests were 
conducted after 1, 2, 4, and 8 roller passes. Figure 6.12 shows 
MDP as solid lines in comparison with in situ point measure-
ments. Simple linear regression relationships between roller 
MDP and in situ point measurements were developed based 
on spatially nearest data, as presented in Figure 6.13. Regres-
sion relationships produced R2 = 0.72, 0.50, and 0.57 for γ

d
, 

CBR, and E
LWD-K2

 measurements, respectively.
Multiple regression analysis was performed by adding 

moisture content as an independent variable in predicting 
roller MDP. Results from the analysis are summarized in Table 
6.6. Moisture was statistically significant in predicting MDP 
from γ

d
 and E

LWD-K2 
measurements and was not significant for 

CBR measurements. The regression coefficient (b
2
) for both 

measurements is positive, which indicates that increasing 
moisture content resulted in an increase in MDP (i.e., lower 
stiffness). Using the multiple regression models, relationships 
between predicted and actual roller MDP are presented in 
Figure 6.13. Correlations improved with R2

adj
 = 0.78 and 0.67 

for predicting MDP from γ
d
 and E

LWD-K2
, respectively, by in-

cluding moisture content as an independent variable. 
Generally, moisture content was not found to be statisti-

cally significant in the regression analysis for most of the test 
bed studies. Factors contributing to this observation are (1) 
moisture content did not vary enough over the length of the 

test beds; (2) in situ point measurements typically only mea-
sure moisture content to about 80 mm (3 in) below the sur-
face, whereas the measurement influence depth of the roller is 
much larger; and (3) when correlating with elastic modulus-
based in situ point measurements using multiple regression 
analysis, moisture content is collinear (i.e., highly correlated 
to in situ measurement).

6.3.3  results of multiple regression 
analysis

The examples described above demonstrate the approach 
of applying multiple regression analysis to relate MVs with in 
situ point measurements. This same approach was exercised 
for results from all test beds listed in Table 6.1 to evaluate the 
influence of moisture content, underlying layer stiffness, lift 
thickness, amplitude, and frequency. If a variable was not sta-
tistically significant or assessed as collinear (based on VIF), it 
was removed from the model. Multiple regression relationships 
for all test beds are summarized in Appendix C. A summary of 
the typical range of R2

adj
 values for modulus, CBR, and dry unit 

weight measurements for the three referenced material groups 
from multiple regression analysis is provided in Table 6.7. 

Where heterogeneous conditions were evident below the 
compaction layer, the underlying layer properties (MVs and 
point measurements) were often statistically significant in 
the multiple regression model. Regression relationships im-
proved by incorporating the underlying layer properties. For 
some cases, when underlying layer properties are included 
in a multiple regression model, the compaction layer point 
measurements were found statistically not significant in the 
analysis. This is possible when MVs are more influenced by 
the underlying layer properties than the compaction layer 
properties. Moisture content was significant for two non-
granular subgrade layer test beds and one granular base layer 
test bed. Lift thickness and w2 terms were not statistically sig-
nificant. Amplitude variation was statistically significant for 

table 6.5. Results of multiple regression analysis for influence of amplitude and frequency—MN19, MN20, MN26 
and FL20A, FL20B, FL23A, FL23B, FL25.

TB Model Term Estimate Std Error t–Ratio
Prob > t
(p-value) R2

adj
VIF

MN19, 20, 26 k
s
 = b

0
 + b

1
 E

LWD-Z2
 + b

3 
A + b

7
 f b

0
39.87 2.55 15.64 <0.0001 0.80 —

b
1

0.23 0.02 9.33 <0.0001 1.07
b

3
6.85 0.51 13.36 <0.0001 1.11

b
7

 -1.18 0.08 -13.94 <0.0001 1.08

FL20A/B23A/B, 25 k
s
 = b

0
 + b

1
 E

LWD-Z3
 + b

3 
A + b

7
 f b

0
-40.86 6.91 -5.91 <0.0001 0.79 —

b
1

0.12 0.02 5.81 <0.0001 2.53
b

3
-2.90 1.26 -2.30 0.0232 1.07

b
7

2.03 0.25 8.12 <0.0001 2.48

Note: Check for no collinearity: VIF should be <[1/(1 –R2)].
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Figure 6.12. Roller MVs in comparison with in situ point measurements (TB MN11).
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Figure 6.13. Simple regression relationships between roller MVs and in situ point measurements (top) and mul-
tiple regression relationships, including moisture content for predicting roller MVs (bottom).

table 6.6. Results of multiple regression analysis for influence of moisture content—tB MN11.

Model Term Estimate Std Error t-Ratio Prob > t R2
adj

VIF

MDP = b
0
 + b

1
γ

d
 + b

2
w b

0
41.46 4.98 8.33 < 0.0001 0.78 —

b
1

-2.68 0.26 -10.22 < 0.0001 1.26
b

2
0.43 0.13 3.27     0.0019 1.26

MDP = -b
0
 + b

1
CBR + b

2
w b

0
9.03 3.67 2.46     0.0168

b
1

-0.99 0.19 -5.38 < 0.0001 —a —a

b
2

0.26 0.22 1.23     0.2238

MDP = -b
0
 + b

1
E

LWD-K2
 + b

2
w b

0
4.04 2.36 1.71     0.0928 —

b
1

-0.28 0.036 -7.70 < 0.0001 0.67 1.19
b

2
0.57 0.15 3.79     0.0004 1.19

a Not statistically significant according to p < 0.10 and t < -2 or > +2.
 Note: Check for no collinearity: VIF should be < [1/(1 – R2)].

all cases where minimum amplitude variation of ±0.30 mm 
(±0.012 in) was present in the data. 

Results from multiple sites and test beds (MD6, 7, 8, 9, 
11, 12, 13, and 14; CO6, 7, 8, 11, 12, 13, 16, 17, and 18) were 
combined to capture a wide range of variations to obtain 

relationships between E
vib

 and modulus measurements (i.e., 
E

LWD
, E

V1
, E

V2
). Only test beds with underlying layer measure-

ments were considered in this analysis. The influence of w, 
underlying layer properties (roller MV or point measure-
ment), A, f, and v was assessed. 
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layer measurements and therefore were removed from the 
model. For all the test beds considered, the frequency varia-
tion was within ±2 Hz and the speed variation was 3.0 to 5.0 
km/h (1.9 to 3.1 mph). For this variation, both f and v were 
not statistically significant.

6.4	 	Relationships	Between		
Roller	MV	and	Resilient	Modulus

Developing relationships between field and laboratory 
mechanistic parameters was an objective of this project and 
provided interesting results from an empirical perspective. 
A number of field studies over the past three decades have 
documented the challenges involved in developing these re-
lationships (e.g., Anderson & Woods 1975, Rodhe & Scullion 
1990, Daleiden et al. 1994, Nazarian et al. 1998). According to 
Anderson and Woods, primary factors that affect these rela-
tionships include (1) sampling disturbance, (2) differences in 
the stress states between the laboratory specimen and in-place 
pavement material, (3) nonrepresentative materials, and (4) 
inherent errors in the field and laboratory test procedures. 

table 6.7. typical range of R2
adj values for multiple 

linear regression analysis.

Material γ
d

Modulusa CBR

Nongranular 
subgrade

0.6−0.8 0.2−0.6 0.3−0.7

Granular subgrade — 0.5−0.7 —

Granular 
subbase/base

0.4−0.8 0.6−0.9 0.4−0.8

aIncludes modulus obtained from LWD, FWD, and static PLT.

Figure 6.14. Results of multiple regression analyses from MD and CO test beds from compaction layer ELWD-Z2 and 
vibration amplitude measurements and underlying layer ELWD-Z2 and roller MVs.

Example results of multiple regression analysis combining 
Maryland and Colorado test beds for the E

vib
 MV are pre-

sented in Figure 6.14. Table 6.8 provides a summary of the 
complete analysis results. Results indicate that E

LWD
, E

V1
, E

V2
, 

and E
FWD

 measurements correlate well with E
vib

. Amplitude 
was statistically significant for all cases, and underlying layer 
properties were significant for most cases. In some cases the 
underlying layer properties were collinear with compaction 
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An attempt was made as part of this study to relate roller 
MVs to laboratory-determined M

r
. Laboratory M

r
 tests were 

conducted on “undisturbed” Shelby tube (ST) samples and 
reconstituted specimens. One confining and deviator stress 
combination was selected to correlate M

r
 with roller MVs. 

For undisturbed ST samples, M
r
 values at the selected stress 

condition were directly correlated with roller MVs at the 
sample location using simple linear regression analysis. For 
reconstituted laboratory samples, w-γ

d
-M

r
 relationships were 

developed through multiple regression analysis, and the re-
lationships were used to predict field M

r
 values from in situ 

w-γ
d
  point measurements. The predicted M

r
 values were then 

empirically correlated to MVs. Further, the influence of vi-
bration amplitude and underlying layer support conditions 
on compaction layer MVs were statistically assessed through 
multiple regression analysis. Laboratory and in situ test re-
sults and analysis from TB MN10 are presented below, fol-
lowed by a summary of results for other test beds. 

6.4.1 TB mn10 nongranular Subgrade 

6.4.1.1  Site and Material Conditions

This test bed was constructed by placing a nominal 425.0-
mm (16.7-in)-thick layer of nongranular subgrade material 
(CL according to the USCS soil classification system). DCP 

tests indicated that the layer below the compaction layer was 
relatively homogenous with CBR = 14 to 18. Maximum dry 
unit weight and optimum moisture content as determined 
by the standard Proctor method were 16.95 kN/m3 (108.10 
lb/ft3) and 16.4%, respectively. The test bed had plan dimen-
sions of about 2.4 m × 86.0 m. The material was moisture 
conditioned by dividing the test bed into three sections to ap-
proximately -3%, 0%, and +3% of standard Proctor w

opt
 and 

mixed using a reclaimer. Compaction passes were performed 
using a Bomag BW213-DH pad foot roller. 

6.4.1.2   Laboratory Testing

To develop w-γ
d
-M

r
 relationships for the subgrade mate-

rial, laboratory M
r
 tests were performed on reconstituted 

laboratory-compacted specimens. Tests were conducted in 
general accordance with AASHTO T-307 standard procedure 
for Type 2 subgrade materials on 10 samples prepared at a 
selected range of w and γ

d
 values. Samples were compacted 

using the static compaction method. Test procedure and de-
tails regarding the resilient modulus test device are described 
in Appendix A. Average M

r
 was calculated for each confining 

and deviator stress condition based on data from the last five 
cycles of a loading sequence. The test results were analyzed 
to fit the “universal” model proposed by Witczak and Uzan 
(1988) shown in Equation 6.4. 

table 6.8. Results of multiple regression analyses combining multiple project sites and test beds.

TB Model Term Estimate
Std 
Error t-Ratio

Prob > t
(p=value) R2

adj
VIFa

MD6, 8, 9, 11, 12, 13, 14; 
CO6, 7, 11, 12, 16, 17

E
vib 

= b
0
 + b

1
E

LWD-Z2
 

    + b
3 
A + b

4
E

vib
χ

n = 452

b
0

-4.21 4.66 -0.90 0.3663 0.52 —
b

1
0.60 0.07 8.2 < 0.0001 1.26

b
3

10.63 2.31 4.59 < 0.0001 1.03
b

4
0.74 0.05 14.73 < 0.0001 1.28

MD6, 8, 9, 11, 12, 13, 14; 
CO6, 7, 11, 12, 16, 17

E
vib

 = b
0
 + b

1
E

LWD-Z2
 

    + b
3 
A + b

4
E

LWD-Z2
χ

n = 448

b
0

11.11 4.92 2.26 0.0243 0.41 —
b

1
0.62 0.09 6.96 < 0.0001 1.16

b
3

7.25 2.56 2.84 0.0048 1.06
b

4
0.80 0.09 9.33 < 0.0001 1.10

MD8 E
vib

 = b
0
 + b

1
 E

LWD-Z3

   + b
3 
A + b

4
E

vib
χ 

n = 18

b
0

-48.21 21.56 -2.24 0.0422 0.73 —
b

1
0.94 0.22 4.22 0.0009 1.20

b
3

26.29 8.56 3.07 0.0083 1.00
b

4
1.32 0.54 2.43 0.0291 1.20

MD6, 8, 9, 11, 12, 13, 14 E
vib 

= b
0
 + b

1
 E

V1
 + b

3 
A 

n = 222
E

V1
χ not significant and 

collinear with E
vib

χ

b
0

-2.66 5.00 -0.53 0.59 0.61 —

b
1

2.22 0.12 18.38 < 0.0001 1.00
b

3
13.20 3.14 4.20 < 0.0001 1.00

MD6, 8, 9, 11, 12, 13, 14 E
vib

= b
0
 + b

1
 E

V2 
+ b

3 
A 

   + b
4
 E

vib
χ

n = 111
E

V2
χ not significant

b
0

-17.06 7.98 -2.14 0.0348 0.69 —
b

1
0.43 0.06 6.93 < 0.0001 1.70

b
3

13.07 4.59 2.84 0.0053 1.00
b

4
0.65 0.10 6.22 < 0.0001 1.70

a Check for no collinearity: VIF should be < [1/(1 – R2)]. 
χ = underlying layer measurement.
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2 3θ σ      (6.4)

where M
r
 = resilient modulus; k

1
, k

2
, and k

3
 = regression coef-

ficients, typically with k
1
 > 0, k

2
 ≥ 0, and k

3
 ≤ 0; θ = sum of 

principal stresses (σ
1
 + σ

2
 + σ

3
); P

a
 = atmospheric pressure, 

same units as M
r
 and θ; and σ

d
 = deviator stress, same units 

as M
r
 and θ.

Results showing the effect of confining and deviator 
stresses on resilient modulus for four samples prepared at dif-
ferent w and γ

d
 are presented in Figure 6.15. Results show two 

commonly observed effects on fine-grained cohesive soils: (1) 
increasing w decreases M

r
 and (2) increasing deviator stress 

decreases M
r
. Some differences with respect to these typical 

behaviors were observed in the results. For samples prepared 
dry of optimum (w

opt
 –7.5%), confining stress affects the M

r
 

values more than deviator stress. Increasing confining stress 
tends to increase M

r
 (up to about 1.5 times), whereas increas-

ing deviator stress did not show a significant change in M
r
. 

On the other hand, as the moisture content increases (w
opt 

+ 
2%), the confining stress only slightly affected M

r 
while in-

creasing deviator stress caused a decrease in M
r
 (up to about 

two times). 
A summary of model coefficients (for Equation 6.4) for 

the different samples is provided in Table 6.9. The S5 and M5 
samples with w > 20% experienced plastic strain ε

p
 greater 

than 5% after the fifth sequence (note that S group represent 
samples compacted to target standard Proctor, and M group 
represent samples compacted to target modified Proctor w-γ

d
 

values), and therefore the model coefficients were not calcu-
lated (AASHTO T-307 requires the test be terminated when 
a sample reaches ε

p
 > 5%). The k

3
 values shown in Table 6.9 

on samples compacted to standard Proctor densities (S se-
ries) show that k

3
 decreased from about -0.24 to -0.60 with 

increasing w from w
opt 

–7.5% to w
opt 

+ 6.5%. The smaller the 
k

3
 value, the greater the influence of deviator stress, which 

Figure 6.15. Effect of σc and σd on compacted  TB MN10 subgrade material at different target w-γd .
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M
r
 (MPa) = b

0
 + b

1
w + b

2
	γ

d
     (6.5)

6.4.1.3   In Situ Testing and Relationship Between 
Roller MV and Mr

After the material was carefully moisture conditioned, the 
test bed was compacted using the Bomag vibratory pad foot 
roller with eight roller passes at constant operation settings 
with nominal A = 0.70 mm (0.028 in), f = 30 Hz, and v = 4.0 
km/h (2.5 mph). In situ w-γ

d
 point measurements were ob-

tained on the compaction layer at 15 test locations (five loca-
tions in each moisture section) along the test bed. Point mea-
surements were obtained after 1, 2, 4, and 8 roller passes. 

Figure 6.17 shows w-γ
d
 point measurements in comparison 

with MVs (E
vib

) shown as solid lines. Note the conclusion in 
Chapter 3 that vibration-based MVs for pad foot rollers are 
not repeatable and should therefore not be used in practice 
without consideration of statistical averaging. Their use here 
is for illustration only. Results show that E

vib
 measurements 

were spatially variable but generally increased from pass 1 to 
pass 2 and that in situ point measurement values increased 
with increasing passes. The multiple regression relationship 
developed for laboratory samples (Equation 6.5) was used 
to predict M

r
 values for the in situ w-γ

d
 point measurements. 

Since Equation 6.5 is valid only for the range of w-γ
d
 of the 

laboratory samples, the in situ point measurements only close 
to the laboratory sample values were selected for M

r
 predic-

tion. Comparison of the predicted M
r
 and E

vib
 for the selected 

data is presented in Figure 6.18, which showed an acceptable 
correlation with R2 = 0.52. 

table 6.9. Summary of Mr model coefficients.

Sample 
ID

Dry Unit 
Weight
(kN/m3)

Moisture 
Content (%)

Model Coefficientsa

k
1

k
2

k
3

S1 16.1 8.9 675.4 0.45 -0.24

S2 16.8 11.9 706.7 0.00 -0.14

S3 17.4 16.2 431.5 0.17 -0.34

S4 16.8 18.5 149.6 0.35 -0.60

S5 15.7 22 —b —b — b

M1 16.9 8.8 969.6 0.13 -0.11

M2 19.3 11.1 1,755.9 0.17 0.08

M3 18.3 13.6 952.6 -0.01 -0.04

M4 16.7 18 159.8 0.43 -0.50

M5 15.7 20.8 —b —b — b

aWitczak & Uzan (1988) model. 
b Samples with permanent strain >5%.

Figure 6.16. Relationship between w-γd and Mr at σd 
= 68.9 kPa and σc = 41.4 kPa.

illustrates that the influence of deviator stress increases with 
increasing w for these samples. k

3
 values generally increased 

with increasing density. The samples compacted to target 
standard Proctor densities exhibited consistently lower k

3
 

values compared to samples compacted to target modified 
Proctor densities. One sample (M3) yielded k

3 
> 0, which sug-

gests an increase in M
r
 with increasing deviator stress. This 

behavior is common for granular materials but is not typical 
for fine-grained soils (Andrei et al. 2004). 

Near surface (z < 0.5 m) in situ deviator stresses under 
11- to 15-ton vibratory roller compactors are considerably 
higher than the axial stresses applied in the laboratory M

r
 

test, whereas confining stresses are less (see Rinehart et al. 
2009 and Chapter 4). To compare laboratory M

r
  values with 

roller MVs, the maximum applied cyclic deviator stress and 
the confining stress condition of 68.9 kPa (10 psi) and 41.4 
kPa (6 psi) from the M

r
  test (following AASHTO T-307) were 

selected. Figure 6.16 shows the effect of w and γ
d
 on M

r
 

 
for 

the subgrade material. Samples that produced ε
p
 > 5% before 

reaching the selected stress condition [σ
d
 = 68.9 kPa (10 psi) 

and σ
c
 = 41.4 kPa (6 psi)] are highlighted in Figure 6.16. 

Multiple regression analysis was performed to predict M
r
  

(at the selected stress condition) as a function of w and γ
d
. The 

two samples with ε
p
 > 5% were not included in the regres-

sion analysis. The resulting multiple regression model from 
the analysis is presented in Equation 6.5, where b

0
 = -593.33, 

b
1
 = -10.86, and b

2
 = 48.23 (for σ

d
 = 68.9 kPa and σ

c
 = 41.4 

kPa), and shows strong correlations with R2
adj

 = 0.96. The re-
gression coefficients for w (b

1
) and γ

d
 (b

2
) were negative and 

positive, respectively, indicating that increasing moisture de-
creases M

r
  and increasing density increases M

r
 .
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Figure 6.17. Comparison of Evib and in situ compaction measurements.

Figure 6.18. Simple linear regression relationship be-
tween roller MV and predicted Mr .

6.4.2  Summary of relationships Between 
roller mvs and mr 

6.4.2.1   Simple Linear Regression Relationships 
Between Roller MVs and Mr

A summary of laboratory determined w-γ
d
-M

r
 multiple 

regression relationships for reconstituted and laboratory 
compacted nongranular subgrade, granular subgrade, and 
granular base materials is presented in Table 6.10. Shelby 
tube samples were obtained from a compacted nongranular 
subgrade layer for one test bed (CO3). w-γ

d
-M

r
 relationships 

were developed only on materials with n ≥ 8 (following a gen-
eral rule of thumb of a minimum four measurements per 
each variable). With the exception of FL23, all other materi-
als showed good correlations with R2

adj
 = 0.6 to 1.0. M

r
 test 

results along with the universal model coefficients k
1
, k

2
, and 

k
3
 (see Equation 6.4) are presented in Appendix A. 
Simple linear regression relationships between predicted 

M
r
 values at the selected stress condition for reconstituted 

samples (using the approach described in the example above) 
and roller MVs are presented in Table 6.11. The relationships 
produced R2 values of 0.0 to 0.6, with the majority at R2 < 
0.5. Similar to the effect of underlying layer heterogeneity 
observed on simple linear regression relationships between 
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γ
d
 point measurements and roller MVs, the relationships pre-

sented here to M
r
 are also affected. This is expected as the 

predicted M
r 
values are based on the measured w-γ

d
 point 

measurements. Multiple regression analysis was performed 
to further characterize the influence of underlying layers and 
amplitude in the following section. Further, relationships in 
Table 6.11 are presented separately for different nominal am-
plitude settings. 

6.4.2.2   Influence of Amplitude and Underlying 
Layer Support Conditions 

Multiple regression analysis was performed to assess the 
influence of amplitude and underlying layer support condi-
tions on compaction layer MVs, using the multiple linear 
regression model shown in Equation 6.2. Results from the 
analysis are summarized in Table 6.12, which shows that in-
cluding underlying layer MVs in the regression model pro-
duced improved correlations (e.g., R2

adj
 values for CO17 and 

CO18 from < 0.2 to > 0.5). For some cases, when underly-
ing layer properties are included in the multiple regression 
model, the compaction layer point measurements were not 
statistically significant in the analysis (e.g., TBs MD6, 7, 8, 
9). A similar finding was noted above in multiple regression 
analysis with in situ point measurements and is possible when 
MVs are more influenced by the underlying layer properties 
than the compaction layer properties. 

6.4.2.3  Discussion

Despite the challenges involved in relating field to labora-
tory measurements, encouraging results were observed for 

some test beds. Results indicated that good correlations (with 
R2 or R2

adj
 > 0.5) are possible for test beds with relatively stiff/

homogeneous conditions below the compaction layer (e.g., 
MN10/11). Underlying layer variability contributed to poor 
correlations. Improved correlations are observed by factor-
ing in the underling layer properties (using roller MVs on 
the underlying layer) through multiple regression analysis for 
some test beds. This observation is in line with findings for 
correlations between MVs and other in situ point measure-
ments described earlier.

6.5	Summary	and	Conclusions	

Results obtained from evaluation of five roller-integrated 
compaction measurements (i.e., MDP, CMV

D
, E

vib
, k

s
, CCV) 

and 17 different soils were presented in this chapter. Relation-
ships between roller MVs and a variety of in situ point mea-
surements and laboratory-determined M

r
 measurements via 

simple and multiple linear regression analysis were described. 
Results from a few select test beds were presented to highlight 
different aspects of the analysis and challenges involved in 
interpretation of the results. 

Results indicated that roller MV correlations are possible to 
in situ point measurements of dry unit weight, modulus via 
various devices, and CBR with simple linear regression analysis 
on test beds with homogeneous and relatively stiff underlying 
layer support conditions and MVs obtained under constant 
operation settings. Several factors can affect the quality of the 
regression relationship, including heterogeneous conditions 
in the underlying layers. Variability across the drum width 
also affected the correlations. Averaging point measurements 
across the drum width improved the correlations. 

table 6.10. Moisture–dry unit weight–Mr relationships.

Material TB
USCS
(AASHTO) n b

0
b

1
b

2
R2

adj

Model: M
r
 a = b

0
 + b

1
w + b

2
γ

d

Nongranular subgrade MN10, 11 CL (A-6(5)) 8 -593.33 -10.86 48.23 0.95

CO3b CL (A-6(7)) 6 limited number of samples

Granular subgrade MD2, 3, 4, 5 SM (A-2-4) 9 124.10 -7.56 0.03 0.83
FL23 SP-SM (A-3) 13       NS −
NC2 SM (A-2-4) 16 -28.48 -1.17 4.12 0.94

Granular base CO17, 18 SP-SM (A-1-a) 9 -248.29 -5.14 20.95 0.62
MD2, 3, 4, 5 SM (A-2-4) 9 124.10 -7.56 0.03 0.83
MD6, 7, 8, 9, 11, 12, 
13, 14

SP-SM (A-1-a) 10 -426.37 -30.09 32.19 0.57

FL19 SM (A-1-b) 5 limited number of samples
NC4 SP-SM (A-1-a) 14 -512.01 -7.05 32.85 0.59

a For σ
d
 = 68.9 kPa and σ

c
 = 41.4 kPa.

b Shelby tube samples.
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table 6.11. Simple linear regression relationships between roller MVs and Mr.

Material TB MV A (mm) n b
0

b
1

R2

Model: MV = b
0
 + b

1
 M

r

Nongranular subgrade MN10a E
vib

 0.70 22 35.65 0.18 0.52

MN11a MDP 0.80 22 6.47 -0.05 0.58

CO3b CMV
D

0.80 6 3.73 0.07 0.43c

Granular subgrade MD2,3, 4, 5a CMV
D

0.50 28 NS — c

Granular base CO17a E
vib

0.70 33 -67.33 1.05 0.16d

1.90 11 56.5 0.47 0.17 d

CO18a CMV
D

0.90 33 -21.04 0.32 0.34

2.10 11 -16.90 0.37 0.46d

MD6, 7, 8, 9a CCV 0.92 81     NS —d

2.19 18     NS —d

CMV
D

0.90 80     NS —d

2.10 37     NS —d

E
vib

0.70 70     NS —d

1.90 14     NS —d

MD11, 12, 13, 14a CCV 0.92 20     NS —d

2.19 32     NS —d

CMV
D

0.90 42 -21.33 0.26 0.19d

2.10 26 -27.13 0.34 0.16d

E
vib

0.70 40 -52.14 0.72 0.29d

1.90 42 -133.05 1.37 0.22d

NC4a E
vib

0.70–1.10 35 -41.63 0.72 0.41d

NC4a k
s
 0.80 35     NS —d

a M
r
 predicted from laboratory w-γ

d
-M

r
 relationship; see Table 6.10. 

b M
r
 of ST samples (σ

d
 = 68.9 kPa; σ

c
 = 41.4 kPa). 

c Narrow range of measurements and heterogeneous underlying layer.
d Heterogeneous underlying layer. 

table 6.12. Multiple linear regression relationships between roller MV and laboratory Mr—granular base 
materials.

TB Model n b
0

b
1

b
3

b
4

R2
adj

CO17 E
vib

 = b
0
 + b

1
 M

r
 a + b

3
 A + b

4
 E

vib
 χ 44 -98.78 0.85 30.15 0.54 0.52

CO18 CMV
D
 = b

0
 + b

1
 M

r
 a + b

3
 A + b

4
 CMVχ 44 -24.63 0.23 0.50 8.17 0.75

cMD6, 7, 8, 9 CCV = b
0
 + b

3
 A + b

4
 CCVχ 168 -11.04 —b 12.58 0.92 0.41

CMV = b
0
 + b

3
 A + b

4
 CMVχ 274 -10.63 —b 5.77 4.95 0.59

E
vib

 = b
0
 + b

3
 A + b

4
 E

vib
 χ 216 4.58 —b 37.03 0.75 0.34

cMD11, 12, 13, 14 CCV = b
0
 + b

3
 A + b

4
 CCV χ 75 29.27 —b 13.42 3.20 0.49

CMV = b
0
 + b

1
 M

r
a + b

3
 A + b

4
 CMVχ 68 -13.94 0.11 4.05 0.73 0.79

E
vib

 = b
0
 + b

1
 M

r
 a + b

3
 A + b

4
 E

vib
 χ 76 -49.51 0.37 3.22 1.07 0.75

 a M
r
 predicted from laboratory w-γ

d
- M

r
 relationship, see Table 6.11. 

b M
r
 not statistically significant based on p < 0.10 and t < -2 or >+2. 

c Ignored data with BV > 10 for CMV
D
 and jump = 2 for E

vib
. 

χ = underlying layer measurement.
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For a few cases, including soil moisture content in multiple 
regression analysis improved the regression relationships. Vari-
ations in machine vibration amplitude and frequency were also 
found to influence the regression relationships. Results from 
some test beds indicated that, although amplitude was statis-
tically significant in multiple regression analysis, the quality 
of regression relationships was not (as identified as reduction 
in R2

adj
 values). This emphasizes the importance of constant 

machine operation settings during correlation and calibra-
tion studies. A multiple regression model with amplitude and 
frequency as dependent variables was successful for a few test 
beds. This suggests the potential for analyzing IC measure-
ments (obtained in AFC mode), although this topic warrants 
further research. Multiple regression analysis on in situ modu-

lus data and roller MVs obtained from multiple sites and test 
beds produced good correlations when amplitude and under-
lying layer measurements are incorporated in the analysis. 

An approach to empirically relate laboratory-determined 
M

r
 for a select stress condition and roller MVs was presented. 

The M
r
 values were predicted for in situ w-γ

d
 point measure-

ments using a w-γ
d
-M

r 
relationship developed from labora-

tory testing. Similar to other in situ point measurements, the 
relationships were possible for compaction layer material 
underlain by homogeneous and relatively stiff support con-
ditions. Heterogeneous supporting layer conditions affected 
these relationships, and the relationships improved by in-
cluding parameter values that represent the underlying layer 
conditions through multiple regression analysis.
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Quality assurance of Pavement Earthwork 
Using  Roller-integrated Continuous 
Compaction Control  (Recommended 
specification options)

4 into viable performance-based specifications that can be ef-
ficiently implemented in practice. Each option can be adopted 
as the sole method for QA. Alternatively, two or more options 
can be combined to increase reliability. Uniformity criteria are 
discussed in Section 7.9 and can be added to any option.

The remainder of Chapter 7 is presented in the form of a 
specification and can be treated as a stand-alone document. 
The proposed specification provides a discussion on appro-
priate applications for the recommended options; defines im-
portant CCC-related terms; provides recommendations for 
roller measurement system requirements, including proce-
dures to assess the validity of roller MVs; and concisely pres-
ents several important issues related to roller-integrated mea-
surement. Chapter 8 presents several case studies illustrating 
how the various options are implemented and highlights the 
level and extent of analysis required.

c h a p t e r  7

This chapter presents recommended specification options 
for QA of subgrade, subbase, and aggregate base course com-
paction using roller-integrated CCC. Six viable QA options 
are proposed to accommodate the diverse site conditions and 
agency needs observed across the United States. Many of the 
recommended options were inspired by current European 
specifications (summarized in Chapter 2). Additional recom-
mended options stem from the research findings presented in 
this report. The proposed specifications are technically end 
product based with required methodological aspects. Tradi-
tional method-based approaches (e.g., recording the num-
ber of roller passes) do not utilize the roller measurement 
values (MVs) per se and are therefore not addressed by this 
specification. None of the recommended options constitute 
performance-based specifications. Further research is re-
quired to implement, for example, the findings from Chapter 
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7.1	Scope

This specification covers the QA of subgrade, subbase, and 
aggregate base course compaction using roller-integrated 
CCC. The six recommended QA specification options are 
summarized in Table 7.1 and Figure 7.1. Options are num-
bered 1, 2a, 2b, 3a, 3b, and 3c and are distinguished by three 
principal categories. In Option 1, CCC is used to assist in QA 
and acceptance is based on spot-test measurements. Option 
2a and 2b acceptance is based on roller MVs, though initial 
calibration of roller MV to spot-test measurements is not re-
quired. Option 3a, 3b, and 3c acceptance is based on roller 
MVs and requires initial calibration to determine an MV-TV. 
Each option can be adopted as the sole method for QA; alter-
natively, two or more options can be combined to increase 
reliability. Uniformity criteria discussed in Section 7.9 can be 
added to any option. Method-based approaches (e.g., using 
GPS positioning and documentation to record the number of 
passes) do not utilize roller-based MVs and are therefore not 
addressed by this specification. However, the implementation 
of such an approach is straightforward. 

7.2	Definitions

Automatic Feedback Control: automatic adjustment of roller 
Operating Parameters such as vibration frequency and am-
plitude based on real-time feedback from measurement 
system.

Calibration Area: an area representative of an Evaluation 
Section but typically smaller and used to establish an 
MV-TV.

Compaction Pass: a static or vibratory roller pass performed 
during earthwork compaction, not necessarily employing 
an Instrumented Roller.

Continuous Compaction Control (CCC): continuous monitor-
ing and documentation of earthwork compaction using 
an Instrumented Roller.

Evaluation Section: an area of earthwork with consistent 
properties where acceptance is evaluated.

Instrumented Roller: a roller compactor outfitted with drum 
vibration instrumentation or other means to compute a 
Roller Measurement Value, onboard computer, and posi-
tion monitoring equipment.

table 7.1. Summary of specification options.

Roller-Integrated CCC QA Option Target Measurement Value (MV-TV) Acceptance Criteria

Option1: Spot testing of roller-informed 
weakest area(s)

Not required Spot-test measurements in roller-identified 
weakest area(s) satisfy contract spot-test 
measurement requirements (QA-TV)

Option 2a: Monitoring percentage change 
in mean MV

Not required Achieving ≤	5% change in mean MV between 
consecutive roller passes

Option 2b: Monitoring spatial percentage 
change (%∆) in MVs

Not required Achieving the %∆-TV between consecutive 
passes over a defined percentage of an evaluation 
section

Option 3a: Empirically relating MVs to 
spot-test measurements

Based on correlation of MV to spot 
test measurement:  MV-TV = MV 
corresponding to contract QA-TVa

Achieving MV-TV over a set percentage of an 
evaluation section

Option 3b: Compaction curve based on 
MVs

MV-TV = mean MV when the increase 
in pass-to-pass mean MV in a calibration 
area ≤	5%

Option 3c: Empirically relating MVs to 
lab-determined properties
(e.g., M

r
)

Based on correlation of MV to lab soil 
property: MV-TV = MV corresponding to 
contract QA-TVb

a Assumption is that QA-TV is spot-test-based measurement of density, modulus, etc.
b For example, a QA-TV based on M

r
.
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Figure 7.1. Summary of CCC specification options.

Intelligent Soil Compaction Systems

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22922


�0�

Intelligent Compaction: the combined use of an Instrumented 
Roller and Automatic Feedback Control in an attempt to 
improve earthwork compaction.

Layer: a component of the pavement earthwork with distinct 
soil properties (e.g., subgrade, subbase, or base course).

Lift: a unit of material within a Layer that is deposited at one 
time for compaction. A Layer may be comprised of a single 
lift or multiple lifts. 

Measurement Depth: the soil depth to which Roller Measure-
ment Values or Spot-Test Measurements are representative.

Measurement Pass: a pass performed by an Instrumented Roller 
during which all required information, including Roller 
Measurement Values and machine position, are recorded. 
Roller Operating Parameters must be held constant, and 
thus no Automatic Feedback Control is permitted during a 
Measurement Pass. 

MV Reporting Rate: the time-dependent rate at which new 
Roller Measurement Values are reported.

MV-TV: a target Roller Measurement Value (e.g., the measure-
ment value corresponding to a QA-TV).

Operating Parameters: roller machine parameters used dur-
ing operation, including forward speed, driving direction, 
vibration frequency, and eccentric force amplitude.

Pass Sequence: a record of the roller pass history (pass num-
ber, Operating Parameters) over a specified area.

Quality Assurance (QA): evaluation methods and procedures 
administered by the owner or owner’s representative to 
ensure that the constructed earthwork meets contract 
obligations.

QA-TV: the spot-test measurement–based QA target value 
specified in the project contract.

Quality Control (QC): testing performed by the contractor or 
contractor’s representative to ensure that the constructed 
earthwork meets contract obligations.

Roller Measurement Value (MV): the roller-based parameter 
used for assessment of soil stiffness during compaction 
and based on roller vibration measurements.

Rolling Pattern: the path traversed by the roller during a Mea-
surement Pass.

Spot-Test Measurement: a field test used during earthwork QC 
and QA that provides a measurement at a discrete location; 
common examples include the nuclear gauge for density 
and moisture and the lightweight deflectometer.

7.3	notation

The following symbols are used throughout this 
specification:

A theoretical vertical drum vibration amplitude
f  excitation frequency of eccentric mass within 

drum

M
r
 resilient modulus (e.g., per AASHTO T-307)

MV
i
  spatial Roller MV data from pass i. This is an 

array of data.
µ

MVi
 mean of spatial Roller MV data from pass i

σ
MVi

  standard deviation of spatial Roller MV data 
from pass i

%∆	 percent difference
%∆µ

MVi
  percent difference of the mean of spatial Roller 

MV data from pass i – 1 to pass i (for Option 
2a)

%∆MV
i
  spatial percent difference in Roller MV data from 

pass i – 1 to pass i. This is an array of values.
µ

%∆MVi
  mean of spatial percent difference in Roller MV 

data from pass i – 1 to pass i 
σ

%∆MVi
  standard deviation of spatial percent difference 

in Roller MV data from pass i – 1 to pass i 
v forward travel velocity of roller
w

opt
  optimum moisture content (e.g., from standard 

or modified Proctor density testing) 

7.4	 Important	Considerations

7.4.1 applicable Soil Types

This specification is applicable to cohesive and cohesionless 
soils and aggregate base materials. Research has shown that 
current Roller MVs are less reliable on cohesive soils and that 
particular attention must be given to soil moisture content.

7.4.2 personnel requirements

The implementation of roller-integrated CCC for earth-
work QA requires knowledgeable field personnel. A certifica-
tion process is highly recommended. QA personnel must be 
familiar with the aspects of CCC and IC described in the pre-
vious chapters of this report and with the CCC and IC equip-
ment on the job site. QA personnel must be able to verify the 
proper working condition of an Instrumented Roller, iden-
tify appropriate Evaluation Sections and Calibration Areas, 
and conduct calibration if Option 3 is pursued. QA person-
nel must understand how to direct Measurement Passes and 
evaluate Measurement Pass data in a timely and reliable man-
ner. To this end, QA personnel must direct the roller operator 
regarding required Operational Parameters and Measurement 
Pass procedures. 

7.4.3  roller mv dependence on operating 
parameters

Current Roller MVs depend on machine Operating Pa-
rameters such as theoretical vertical drum vibration ampli-
tude A, excitation frequency f, forward velocity v, and travel 
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orientation (e.g., forward, reverse). The nature of the Roller 
MV dependency on each Operating Parameter is soil, stratig-
raphy, and roller dependent and can vary considerably. As a 
result, machine Operating Parameters, including A, f, and v, 
must remain constant during a Measurement Pass. To this 
end, Automatic Feedback Control should not be used during 
a Measurement Pass. Variations in roller Operating Parameters 
should remain within the following tolerances: ±2 Hz for f, 
±0.2 mm (0.0008 in) for A, and ±0.5 km/h (0.3 mph) for v. 
Manufacturer-recommended amplitudes should be used if 
provided. Otherwise, theoretical amplitudes A between 0.7 
and 1.1 mm are recommended for Measurement Passes. Typi-
cal vibration frequencies range from 28 to 32 Hz. Typical roller 
speeds range from 3.0 to 5.5 km/h (1.9 to 3.4 mph). Once de-
cided on, these Operating Parameters should remain constant 
for all Measurement Passes within an Evaluation Section. Roller 
MVs collected during startup, stopping, and turning typically 
violate these tolerances and should not be used for QA. 

7.4.4  roller mv dependence on driving 
direction

Current roller-integrated vibration-based measurement 
systems include sensors on one side of the drum, resulting in 
MVs that are more representative of soil on the instrumented 
side of the drum. Accordingly, MVs can exhibit a strong de-
pendence on driving direction in areas where material prop-
erties are heterogeneous. In extreme cases, MVs can vary by 
as much as 100% when the roller is driven over the same track 
in opposite directions. Therefore, care must be taken to en-
sure that the same Rolling Pattern is used for all Measurement 
Passes as well as any Compaction Passes used for QA.

7.4.5 measurement depth 

Current roller-integrated vibration-based measure-
ment systems for 11- to 15-ton vibratory roller compactors 

provide a composite measure of soil stiffness to depths of 
0.8 to 1.2 m (2.6 to 3.9 ft) and three to four times deeper 
than typical 0.2 to 0.3 m (8 to 12 in) Lifts of subgrade, sub-
base, or base material. An increase in theoretical amplitude 
slightly increases the Measurement Depth. Typical spot-test 
measurements such as the nuclear density gauge and light 
weight deflectometer (LWD) typically reflect the properties 
of the 0.2- to 0.3-m (8- to 12-in)-placed Lift of soil, whereas 
Roller MVs reflect the properties of multiple Lifts. Conse-
quently, sublift soil properties are reflected in Roller MVs 
much more significantly than in spot-test measurements. 
Therefore, CCC options that rely on obtaining correlations 
between Roller MVs and spot-test results are increasingly 
difficult to implement if the sublift conditions are variable. 
Further, as the sublift properties change, so too will the 
Roller MV and spot-test measurement correlations, even if 
the Lift material is the same.

7.4.6 evaluation Section

Acceptance testing for all specification options is per-
formed on Evaluation Sections. An Evaluation Section is an 
area of production earthwork that exhibits homogeneity, or 
consistently distributed heterogeneity, both in the longitudi-
nal and transverse directions, as evidenced by the Roller MV 
map. An Evaluation Section is commonly the full width of the 
earthwork section by a length that varies depending on the 
pace of construction, longitudinal heterogeneity, and other 
factors (e.g., schedule). Typical lengths can vary from 100 to 
500 m (330 to 1,640 ft). A number of factors can contribute 
to heterogeneity and thus the sizing of Evaluation Sections. A 
change in borrow material or a transition from a cut to a fill 
section may induce a distinct change in Roller MV, particu-
larly in the longitudinal direction. In the transverse direction, 
edge material or shoulders can sometimes exhibit markedly 
different stiffness behavior. Figure 7.2 provides examples of 
appropriate and inappropriate Evaluation Sections.

Figure 7.2. Acceptable and unacceptable evaluation sections based on roller MV data map.
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7.4.7 Calibration area

Option 3 requires the establishment of an MV-TV prior to 
acceptance testing in an Evaluation Section. If possible, a por-
tion of the Evaluation Section should be used as the Calibra-
tion Area. A Calibration Area can range in size from a single 
roller width by 30 m (100 ft) long to the full width of the pave-
ment earthwork section [10 to 30 m (33 to 100 ft)] by 100 
m (330 ft) long. The underlying or sublift conditions of the 
Calibration Area must be representative of the Evaluation Sec-
tion for which the MV-TV will be used. For this reason, larger 
Calibration Areas are preferred [e.g., full width of Evaluation 
Section by 100 m (330 ft) long]. Smaller Calibration Areas may 
be suitable for homogeneous site conditions. A Roller MV map 
of the sublift material or of the first roller pass of the Evalu-
ation Section is helpful in selecting a Calibration Area. As a 
general guideline, the Calibration Area should capture 50% 
to 75% of the variation observed in the Evaluation Section. 
The Calibration Area material Lift should be constructed in 
the same manner as the Evaluation Section. Material type, ma-
terial placement procedures, moisture conditioning, and Lift 
thickness all influence Roller MVs and should be consistent 
between the Calibration Area and the Evaluation Section.

It is important to consider the effects of edge lanes and 
other special features (e.g., shallow pipe crossings) that may 
exist in varying concentrations within the Calibration Area 
and the Evaluation Section. Roller MVs are influenced by the 
presence or absence of lateral confinement (e.g., an edge lane 
often only has lateral confinement on one side). Data from 
edge lanes or from other areas with special features should 
be used judiciously when developing correlations. If these 
features are predominant in some Evaluation Sections, QA 
personnel should consider developing separate correlations 
for these sections or using another option. 

Recalibration is required if Evaluation Section conditions 
are sufficiently different from the Calibration Area. The ap-
propriateness of a correlation should be periodically verified 
by comparing roller MV and spot-test measurements from 
the Evaluation Section to the correlation developed in the 
Calibration Area. 

7.5	 	Instrumented	Roller	
Requirements

An Instrumented Roller must meet minimum requirements 
regarding Roller MV reliability, documentation, and Roller MV 
and position reporting. In addition, QA personnel should ver-
ify that the selected roller is capable of producing the required 
level(s) of compaction in a reasonable amount of time.

7.5.1 roller mv and position reporting

Roller MVs should be reported with a constant spatial reso-
lution within the acceptable range of 0.2 to 1.0 m (8 to 40 
in). All reported Roller MVs should be unique measurements 
(i.e., repeat Roller MVs should not be reported). To ensure full 
coverage of earth material properties, each Roller MV should 
reflect a spatial average over a distance not less than the Roller 
MV reporting resolution. Each reported Roller MV should be 
accompanied by a three-dimensional position (e.g., northing, 
easting, elevation, determined via roller-mounted GPS). RTK 
differential GPS is highly recommended. Each reported posi-
tion should reflect the geometric center of the earthwork over 
which the corresponding Roller MV was determined. 

7.5.2 documentation

The Instrumented Roller must clearly document the follow-
ing parameters:

•	 Roller MV
•	 	Three-dimensional position (including time stamp and 

GPS quality)
•	 Vibration amplitude (theoretical A or actual z

d
)

•	 Vibration frequency, f
•	 Travel speed, v
•	 Forward/reverse driving direction
•	 Automatic feedback control on/off
•	 Indication of jumping
•	 Vibration on/off
•	 Pass Sequence

These recorded data must be easily accessible via the In-
strumented Roller’s onboard computer, and units should be 
clearly documented (standard SI or English units are ac-
ceptable). In addition, these data should be easily export-
able for postprocessing and record keeping. Simple text files 
are preferred, and files in a proprietary format (e.g., only 
compatible with the roller manufacturer’s software) are not 
acceptable.

Basic statistics about the Roller MV data and the Operat-
ing Parameters should be readily available. Statistics of inter-
est for the Roller MV data include the minimum, maximum, 
mean, standard deviation, and histogram. Statistics of in-
terest for the Operating Parameters include the minimum, 
maximum, mean and standard deviation of the amplitude, 
frequency, and speed. This information allows QA personnel 
to efficiently determine if a data map meets the requirements 
of a Measurement Pass.
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7.5.3  verification of roller mv 
repeatability and gpS position 
reporting

Roller MVs must be repeatable (i.e., repeated Measurement 
Passes over the same, fully compacted material must exhibit 
similar magnitudes and trends). It is also important to verify 
the accuracy of roller-mounted GPS position and that a posi-
tion offset between the receiver and the center of the drum 
(i.e., where MVs are computed) and/or errors due to data 
averaging are properly considered. Accurate position report-
ing is particularly important for specification options that 
involve Roller MV correlation to spot-test measurements or 
spatial comparison of Roller MVs from consecutive passes. 

7.5.3.1  Procedure to Verify Roller MV Repeatability

1. Perform two Measurement Passes on a fully compacted 
test strip at least 100 m (330 ft) long. Measurement Passes 
should be performed in the same direction, with static 
passes performed in the reverse direction between Mea-
surement Passes.

2. From the two Measurement Passes, compute the spatial 
percent difference array %∆MV

i
 per Equation 7.1: 

%
–

–

–

∆MV
MV MV

MVi
i i

i

= ×1

1

100     (7.1)

 where MV
i
 and MV

i-1 
represent the MV data array from 

pass i and pass i – 1, respectively. If necessary, linear in-
terpolation may be used to transform the data onto a grid 
for precise spatial comparison. If the mean of the %∆MV 
array (µ

%∆MVi
) is greater than 5%, the test strip may not 

have been fully compacted and the procedure should be 
repeated.

3. Compute the standard deviation of the %∆MV
i
 array 

(σ%∆MVi
). The σ%∆MVi

 quantifies the Roller MV repeatability. 
The recommended acceptable maximum σ%∆MVi

 is 10%, 
although visual inspection and engineering judgment 
should be employed when investigating repeatability and 
when deciding what level of repeatability is required and 
acceptable on a given project. Figure 7.3 illustrates accept-
able and unacceptable levels of σ%∆MVi

 as well as an invalid 
test (due to increase in compaction of the test strip).

7.5.3.2   Procedure to Verify Roller Position 
Reporting

 The accuracy of Roller MV position reporting should be 
verified when the Instrumented Roller is stationary as well as 
moving. When the roller is stationary, the roller-mounted 
GPS position can be compared with the position from a 
handheld RTK GPS unit (i.e., rover) placed at the drum cen-

Figure 7.3. Roller MV repeatability testing: (left) acceptable repeatability, (middle) invalid test, and (right) unac-
ceptable repeatability.
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ter. This can also be accomplished by establishing a marker of 
known position on the ground and approaching the marker 
with the roller from different directions. In addition, the fol-
lowing procedure is recommended to ensure Roller MV posi-
tion reporting accuracy while the roller is moving (see Figure 
7.4). This procedure may be combined with the evaluation of 
Roller MV repeatability (see Section 7.5.3.1).

1. Create two obstructions in the earthwork spaced at least 
10 m apart that will induce noticeable spikes in the Roller 
MV data record. Example obstructions include a wooden 
beam and narrow trenches perpendicular to the direction 
of roller travel. Note that the obstructions should span the 
drum width. 

2. Perform two Measurement Passes over the obstructions, 
one in each direction.

3. Superimpose the Measurement Pass records to observe if 
the spikes in the Roller MV data occur simultaneously. Any 
difference in location of a spike in the Roller MV data re-
cords is a reflection of position error. If this position error 

is greater than one-half of the Roller MV reporting resolu-
tion (see Section 7.5.1) or the accuracy of the GPS, this 
position error must be corrected.

7.6	 	QA	Option	1:	Spot	Testing	of	
Roller-Informed	Weakest	Area(s)

QA Option 1 utilizes roller-integrated CCC to identify the 
weakest area(s) of the Evaluation Section. The weakest area 
is defined by the lowest Roller MVs recorded during a Mea-
surement Pass. More than one weakest area may be selected. 
Acceptance is based on spot-test measurements from the 
weakest area(s) (see Figure 7.5). If spot-test measurements 
from the weakest area(s) meet specified criteria, the Evalua-
tion Section meets acceptance. The frequency of spot testing 
in the weakest area(s) and acceptance criteria for spot-test 
measurements should be based on existing spot-test-based 
QA practice. The selection of Evaluation Sections must be 
performed in accordance with Section 7.4.6.

Figure 7.4. MV data records with position error (requiring correction) and without position error.

Figure 7.5. Acceptance testing via Option 1.
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An important premise of Option 1 is that there is a positive 
correlation between Roller MV and soil compaction (i.e., the 
lowest Roller MVs correspond to lowest compaction). This 
positive correlation may not exist if the Evaluation Section ex-
hibits localized soil variability (e.g., pockets of high clay con-
tent in an otherwise granular material) or significant variabil-
ity in the sublift material. In cases where the lift and/or sublift 
material exhibits variability, the correlation between Roller 
MVs and spot-test measurements should be verified. This 
can be accomplished by comparing spot-test measurements 
with low, medium, and high Roller MVs across the Evaluation 
Section. In addition, low Roller MVs can result from fluctua-
tions in machine operating parameters and surface uneven-
ness. For this reason the weakest area(s) selected for testing 
should not be based on Roller MVs from areas less than 3 m 
(10 ft) long in the driving direction. Option 1 requires mini-
mal changes to existing spot-test-based QA specifications and 
should be relatively easy to implement. To improve reliability, 
Option 1 may be implemented in combination with another 
recommended option. 

7.7	 	QA	Option	2:	Limiting	
Percentage	Change	in	Roller	MV

QA Option 2 utilizes the pass-to-pass percentage change 
in Roller MVs to determine acceptance of an Evaluation Sec-
tion. Acceptance is based on achieving a threshold or target 
%∆MV

i
 (i.e., %∆-TV) between two consecutive Measurement 

Passes over the same Evaluation Section. There are two ways 
in which Option 2 can be implemented. Acceptance may be 

based on the pass-to-pass percentage change in mean MV 
(%∆µ

MVi
) of the Evaluation Section. Alternatively, acceptance 

may be based on a spatial analysis of the %∆MV
i
 data array. 

The dependence of Roller MVs on driving direction and the 
influence of soil heterogeneity within the drum length re-
quire that Measurement Passes must be performed with an 
identical pass-to-pass Rolling Pattern, particularly for Option 
2b. The selection of Evaluation Sections must be performed in 
accordance with Section 7.4.6.

7.7.1  option 2a: monitoring percentage 
Change in mean mv

QA Option 2a involves computing %∆µ
MVi

 from two con-
secutive Measurement Passes over the Evaluation Section ac-
cording to Equation 7.2: 

%
–

–

–

∆µ
µ µ

µMV

MV MV

MV
i

i i

i

=








 ×1

1

100     (7.2)

The recommended target value for %∆µ
MVi

 (i.e., %∆-TV) 
is 5%. If %∆µ

MVi
 between consecutive passes is less than the 

%∆-TV, acceptance is met (see Figure 7.6). 

7.7.2  option 2b: monitoring Spatial 
percentage Change in roller mvs

QA Option 2b involves evaluating the spatial percent 
change in %∆MV

i
 from two consecutive Measurement Passes 

over the Evaluation Section according to Equation 7.3:

Figure 7.6. Acceptance testing via Option 2a.
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%
–

–

–

∆MV
MV MV

MVi
i i

i

= ×1

1

100  (7.3)

This spatial analysis involves transforming the Roller MV 
data onto a fixed grid for direct comparison. The percentage 
change in Roller MV is then computed for each grid location. 
The recommended %∆-TV for Option 2b is two times the 
uncertainty σ%∆MV

 determined from repeatability testing (as 
described in 7.1.5.1). Acceptance is based on achieving the 
%∆-TV over a specified proportion or percent area threshold 
of the Evaluation Section, as shown in Figure 7.7. The recom-
mended range for a specified proportion/percent area thresh-
old is 80% to 95% (e.g., acceptance is met when the Roller 
MV increases by ≤%∆-TV for 90% or more of the Earthwork 
Section). The process of transforming spatial Roller MV data 
onto a fixed grid is not trivial and has not been proven fully 
reliable. The simplest methods (e.g., nearest neighbor grid-
ding, linear interpolation) may be more favorable than the 
more complex methods (e.g., nonlinear interpolation, krig-
ing) until the geostatistical nature of Roller MV data is better 
understood. 

QA Option 2 requires moderate changes to existing con-
struction practice in that two Measurement Passes must be 

performed with similar Rolling Patterns. If implemented cor-
rectly, Option 2 ensures that compaction has been achieved 
to the capability of the CCC roller and the selected Operat-
ing Parameters but does not necessarily ensure that adequate 
compaction has been achieved. The ability of the roller to 
produce adequate compaction should be verified before 
earthwork compaction begins. To improve the reliability of 
compaction QA, Option 2 may be used in combination with 
another QA option.

7.8	 	QA	Option	3:	Comparison	of	
Roller	MV	Data	to	Target	MV

Options 3a, 3b, and 3c each require that a specified percent-
age of Roller MVs in an Evaluation Section exceed a Roller MV 
target value (MV-TV). The MV-TV must be determined dur-
ing field calibration prior to acceptance testing. In the future, 
MV-TVs may stem from a database of project information, 
documented case histories, and literature; however, extreme 
care should be exercised given the wide range of variables that 
influence Roller MVs. The approach to establish an MV-TV 
differs for each option and is described in the following sec-
tions. Acceptance for each option is similar and is based on 

Figure 7.7. Acceptance testing via Option 2b.
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achieving the MV-TV over a specified proportion or percent 
area threshold of the Evaluation Section. The range of recom-
mended proportions is 80% to 95% and should be defined 
prior to testing. Figure 7.8 illustrates the acceptance process. 
The selection of Evaluation Sections must be performed in 
accordance with Section 7.4.6. 

7.8.1  mv-Tv determination for Qa option 
3a: relating roller mv to Spot-Test 
measurements

In Option 3a, Roller MVs are related to Spot-Test Measure-
ments using statistical regression analysis. The methodology 
is illustrated in Figure 7.9. A Calibration Area should be se-
lected per Section 7.4.7. The Calibration Area is sequentially 
compacted to low, intermediate, and full (complete) compac-
tion states. The full compaction state should meet or exceed 
the required QA-TV. At each compaction state a Measurement 
Pass is performed, followed immediately by spot testing at 
several locations in the Calibration Area. A minimum of five 
locations is recommended for spot testing at each compaction 
level. The Measurement Pass data can be used to identify loca-
tions for spot testing. To improve reliability, locations where 
Roller MVs are locally constant are recommended and loca-
tions where Roller MVs are highly variable should be avoided 
(see Figure 7.9). The collection of locations should represent 

the range of variability observed in the Measurement Pass 
data. At each selected location, three to five spot-test mea-
surements should be collected across the roller drum lane and 
averaged to generate one regression point. The Roller MVs 
at each location may be averaged over a 1-m distance in the 
direction of roller travel to generate one regression point.

Regression analysis is performed with the Roller MV as the 
dependent variable and Spot-Test Measurement as the inde-
pendent variable. In general, the coefficient of determination 
R2 is used to judge correlations, with acceptable correlations 
being defined by R2 ≥ 0.5 (e.g., the correlation depicted in 
Figure 7.9 is acceptable). This level of acceptability for R2 is 
commonly used when correlating soil properties measured 
from different devices because loading conditions, seating is-
sues, and representative volumes vary. In Ping et al. (2002), R2 
= 0.3 was found acceptable when correlating modulus back 
calculated from a FWD with lab data. In Vennapusa & White 
(2009), R2 = 0.5 to 0.9 was found acceptable when correlating 
data collected from different LWDs and R2 = 0.40 to 0.66 was 
found acceptable for correlations between LWD and static 
PLT moduli. 

When correlating Roller MVs to stiffness-based spot tests 
(e.g., PLT, LWD), single-variable regression is usually suffi-
cient. When correlating Roller MVs to density, single-variable 
regression may not be successful. Multivariate regression may 
be required if the material behavior is moisture dependent. 

Figure 7.8. Acceptance testing via Option 3.
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Figure 7.9. Determination of MV-TV via Option 3a.

It may also be desirable to perform multivariate regression 
analysis that takes sublift conditions into consideration to 
account for the significant difference in measurement depth 
of Roller MVs and Spot-Test Measurements. Prior experience 
and a sound fundamental understanding of both Roller MVs 
and Spot-Test Measurements will increase the probability of 
achieving acceptable correlations. 

If a suitable correlation is determined (R2 ≥ 0.5), an MV-
TV is selected from the regression equation based on the 
existing Spot-Test Measurement–based target value (QA-TV; 
e.g., 95% maximum dry density; see Figure 7.9). The QA-
TV used to determine the MV-TV may be increased to in-
crease confidence. Prediction limits can be employed when 
performing correlations to select the MV-TV. An MV-TV can 
be established using the upper prediction limit, as shown in 
Figure 7.10. The greater the prediction interval specified, the 
higher the MV-TV.

7.8.2  determination of mv-Tv for Qa 
option 3b: Compaction Curve

In Option 3b the change in Roller MV is monitored to de-
termine when compaction is complete. During compaction 

Figure 7.10. Illustration of use of prediction limits 
when selecting an MV-TV.

of the Calibration Area (selected per Section 7.4.7), the Roller 
MV and pass number are continuously recorded. The MV-TV 
is established as the µ

MVi
 when the %∆MV

i
 ≤ 5% for 90% of 

the Calibration Area, as shown in Figure 7.11. The calibration 
procedure for Option 3b is similar in principle to acceptance 
testing of Option 2b.
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7.8.3  determination of mv-Tv for Qa 
option 3c: relating roller mv to lab-
determined properties

In this approach the MV-TV is established through em-
pirical correlation to laboratory-determined engineering 
properties (e.g., M

r
) based on a preselected combination of 

moisture contents and dry unit weights. This option requires 
a significant investment of time to establish the MV-TV. It 
must be noted that performing laboratory resilient modulus 
tests is time consuming, which can potentially impact the ap-
plication of this specification option if heterogeneous materi-
als exist on a project.

Laboratory testing should be performed on samples pre-
pared at preselected moisture-density combinations in ac-
cordance with standard protocols used by state agencies. For 
example, moisture contents may vary from w

opt 
– 4% to w

opt 

+ 4% and dry unit weight from 90% to 110% of γ
dmax

 es-
tablished from laboratory Proctor compaction (standard or 
modified) specified by the agency for QA. Using the test re-
sults, a multiple regression model is developed as a function 
of moisture and dry unit weight to predict the laboratory soil 
property values (Figure 7.12b). For stress-dependent M

r
 val-

ues, multiple regression relationships may be developed for a 
selected stress condition.

Compaction of the Calibration Area (selected per Section 
7.4.7) is performed using variable moisture content (e.g., 
w

opt 
 –4% to w

opt 
+ 4%) and obtaining Roller MVs in paral-

lel with in situ moisture and dry unit weight measurements 
from multiple passes (e.g., 1, 2, 4, 8, and 12). Using the Spot-
Test Measurement data and corresponding Roller MV data, a 
multiple regression relationship is developed to predict Roller 
MV as a function of moisture and dry unit weight (similar to 

Option 3a; shown in Figure 7.12c using prediction limits). 
Using the multiple regression relationships from laboratory 
and field testing, laboratory soil properties are correlated 
to Roller MVs as shown in Figure 7.12a. An MV-TV can be 
determined based on a target laboratory soil property (QA-
TV) from the linear regression relationship. Prediction inter-
vals are employed as shown in Figure 7.12. The compaction 
method used for laboratory-prepared specimens can affect 
the laboratory-determined values, especially for fine-grained 
cohesive soils. Laboratory vibratory compaction is recom-
mended for granular soils compacted using smooth drum 
rollers. Laboratory impact compaction is recommended for 
soils compacted using pad foot rollers. 

7.9	Uniformity	Criteria

Uniformity is recognized as an important component of 
quality compaction (e.g., Davis 1953, Sherman et al. 1966). 
Results from numerical studies indicate that considering av-
erage values in design may not capture actual performance 
(e.g. White et al. 2004, Griffiths et al. 2006). With the ability 
of real-time viewing of compaction data, roller-integrated 
measurement technology offers an opportunity to construct 
more uniform earthwork layers. Current CCC specifications 
address uniformity using percentage limits based on an MV-
TV. The International Society for Soil Mechanics and Geo-
technical Engineering (ISSMGE)/Austrian CCC earthwork 
specifications, for example, require that roller MVs in the 
production area should fall within 0.8 to 1.5 MIN-TV with 
a coefficient of variation < 20% (MIN-TV corresponds to 
the MV at 0.95 QA-TV established from calibration). Using 
a slightly different approach, the Minnesota Department of 

Figure 7.11. Determination of MV-TV via Option 3b.
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Figure 7.12. Determination of MV-TV via Option 3c.

Transportation (MnDOT) implemented a predetermined 
target percentage limits distribution criterion (Mn/DOT 
2007) on a full-scale earthwork project in the state (White et 
al. 2007, 2008a, 2008b). The acceptance requirement was that 
at least 90% of roller MV data in the production area should 
fall within 90% to 120% of the MV-TV; none should be below 
80% of the MV-TV; and if any are above 120%, a new MV-TV 
should be established. 

If uniformity criteria are desired as part of the specifi-
cation, the ISSMGE and Mn/DOT approaches described 
above can be implemented for specification Options 2 and 
3. However, it must be realized that these approaches are 
limited to conditions where Evaluation Sections have simi-
lar spatial heterogeneity in compaction layer properties and 
support conditions to the Calibration Area. If not, achiev-
ing these uniformity targets is challenging. For such cases, 
information of underlying support conditions may help 
in evaluating compaction layer data and selecting repre-
sentative Calibration Areas. Further, these approaches do 

not address uniformity from a spatial standpoint. More 
research is needed in relating uniformity to performance 
for a better understanding of the level of uniformity de-
sired and how field operations can be improved to control 
nonuniformity. 

An alternate approach to quantify uniformity is to use spa-
tial statistics in combination with univariate statistics (mean 
and standard deviation; Brandl 2001, Vennapusa et al. 2009, 
Facas et al. 2010). Using spatial statistics requires developing 
semivariogram models using spatially referenced GPS coor-
dinate measurements, which describe the spatial relationship 
in the measured roller MVs. The three main characteristics by 
which a semivariogram is often summarized are range, sill, and 
nugget (Isaaks & Srivastava 1989). Comparatively, a semivar-
iogram with a lower sill and longer range represents reduced 
nonuniformity and improved spatial continuity. Vennapusa 
et al. (2009) describe an approach for using spatial statistics 
to target areas for compaction that results in improved spatial 
continuity and reduced nonuniformity. 
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This chapter presents six case studies performed to illustrate 
implementation of the recommended quality assurance (QA) 
specification options detailed in Chapter 7 (see Table 8.1). 
These case studies were derived from field tests in Colorado, 
Florida, North Carolina, and Minnesota. The case studies pre-
sented here include granular subgrade (FL15, FL23, NC20), 
nongranular subgrade (MN10), granular subbase (CO34), 
and aggregate base materials (FL19). Additional case studies 
are presented in Appendix D. Multiple specification options 
were investigated as part of each case study to enable direct 
comparison of option strengths and limitations. Both success-
ful and unsuccessful implementations are presented and dis-
cussed. Throughout this chapter, standardized terms from the 
Chapter 7 specification options are italicized and capitalized.

As summarized in Table 8.1, compaction QA acceptance 
testing was conducted by the project QA agents using cri-
teria based on dry unit weight requirements (γ

d
-TV), mois-

ture requirements (w-TV), and/or static proof rolling (PR). 
For some case studies, comparisons with existing options are 
made. Table 8.1 summarizes whether each test bed passed (P) 
or failed (F) the existing contract specifications, if applicable. 

c h a p t e r  8

Case study Evaluation of 
specification options

When appropriate, MV-TVs were established based on these 
same contract requirements.

8.1	 	Case	Study	I—Granular	
Subbase	(TB	CO34)

QA Specification Options 1, 2a, 2b, and 3a were evaluated 
on a 12-m (40-ft)-wide by approximately 300-m (1,000-ft)-
long by 30-cm (12-in)-thick granular subbase Evaluation Sec-
tion in Colorado (see Figure 8.1). The existing soil [A-4(3)] in 
this cut section was excavated. Four 30-cm (12-in)-thick lifts 
of granular subbase material (A-1-a) were placed and com-
pacted jointly by the research team using the Dynapac intelli-
gent compaction (IC) roller and by the contractor using typi-
cal vibratory and static equipment. This case study pertains to 
the fourth subbase layer. Contract QA specifications included 
γ

d
-TV = 100% standard Proctor maximum dry unit weight 

[21.6 kN/m3 (137.5 pcf) uncorrected for rock content] and 
w-TV = 3 ± 1% if the rock content (material retained on a #4 
sieve) was less than 50%. Rock content exceeded 50% in this 
area; therefore, project QA was based solely on a static proof 

table 8.1. Summary of case studies presented.

Test Bed Soil (AASHTO)

CCC-QA Options Evaluateda Contract QA Pass/Failb

1 2a 2b 3a 3b 3c γ
d
-TV w-TV PR

CO34 A-1-a ¸ ¸ ¸ ¸ — —  NRc  NRc Pd

FL15 A-3 ¸ ¸ ¸ — — — F NS NR
FL19 A-1-b — — — ¸ — — P NS NS
FL23 A-1-b ¸ ¸ ¸ ¸ ¸ — P NS NS
NC20 A-1-b ¸ — — ¸ — — P NS Pd

MN10 A-6(5) — — — — — ¸ F NS NS

a ¸evaluated; — not evaluated.
b Based on existing contract requirements for γ

d
, w, and static proof roll (when required) and assessed by project QA agents; NS = not specified, NR= not required.

c Soil had >50% rock content; therefore, γ
d
-TV and w-TV were requirements not enforced.

d Section passed, but remediation was required in small area(s).
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roll. For this case study, the specification options were evalu-
ated using the contract γ

d
-TV.

The roadway alignment was transected by pipe crossings 
at approximately 300-m (1,000-ft) intervals and formed 
natural production earthwork sections. The contractor and 
QA agents informally treated these 300-m sections as inde-
pendent QA units; therefore, the research team chose to use 
these natural sections as Evaluation Sections. The Calibration 
Area at the southern end of the Evaluation Section was be-
lieved to be representative of the Evaluation Section and was 
convenient given the south to north flow of haul trucks and 
earthwork material through the site (see Figure 8.1a). Spot-
test measurements were performed with the nuclear gauge 
(γ

d
, w), using a probe depth of 200 mm (8 in) and with the 

300-mm (12-in)-diameter Zorn light weight deflectometer 
(LWD; E

LWD-Z3
). Three to four LWD and two nuclear gauge 

tests were performed across the width of the drum lane and 

averaged to represent a single measurement for acceptance 
analysis. Each reported roller MV was determined by averag-
ing over 1 m (3 ft) in the direction of roller travel.

The subbase material for the Calibration Area and Eval-
uation Section subbase layer was placed in one 30-cm (12-
in)-thick lift. Logistically, the contractor placed material via 
side-dump trucks from south to north, beginning first in the 
Calibration Area and then the Evaluation Section. An area 
about 2 m (6 ft) wide on the east side was not filled to allow 
for some shoulder work. While the research team performed 
the Option 3a correlation analysis in the Calibration Area, the 
contractor placed and began compaction work in the Evalu-
ation Section. After calibration was completed (about three 
hours), the research team compacted the remainder of the 
Evaluation Section according to the pass sequence summa-
rized in Figure 8.1. Due to the contractor’s schedule, further 
compaction was not possible, and the QA agent performed a 

Figure 8.1. Overview of TB CO34 summarizing construction and compaction of the test bed and showing (a) 
Evaluation Section and Calibration Area, (b) spot testing with the nuclear density gauge in the Calibration Area, 
and (c) the A-1-a subbase material.
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static proof roll test after pass 8. The Evaluation Section passed 
the static proof roll test despite very small areas with high 
clay content being identified for remediation, which involved 
scraping the clay material out with a motor grader. Evalua-
tion Section roller MV data from pass 8 (MV

8
) and spot-test 

measurement data obtained immediately after pass 8 are used 
to evaluate some of the options.

8.1.1  acceptance Using Specification 
option 1

Acceptance for Option 1 is based on achieving specified 
dry unit weight or relative compaction target values (γ

d
-TV, 

RC-TV) in the weakest area(s) identified by the instrumented 
roller. The spot-test-based acceptance criteria should be de-
termined by the appropriate agency and should be based on 
and modified as necessary per agency practice. Figure 8.2 
presents the pass 8 MV data (MV

8
) together with spot-test 

measurements performed immediately after pass 8. Three 
weakest areas were identified for nuclear gauge and LWD 
testing, as illustrated in Figure 8.2. All six spot-test measure-
ments performed in these weakest areas failed to meet the 
γ

d
-TV = 21.6 kN/m3 (137.5 pcf) and RC-TV = 100% specified 

for this project (see Table 8.2). It can be argued, however, that 
requiring 100% relative compaction in the weakest areas is 
more stringent than the existing Colorado approach where 
test locations are randomly selected. For example, four of the 
six weakest areas would meet an RC-TV = 95% criteria. For 
this reason, individual agencies must carefully consider exist-
ing QA criteria and spot-testing practice when establishing 
acceptance criteria for Option 1.

An important premise behind Option 1 is that a positive 
correlation exists between roller MVs and spot-test measure-
ments (i.e., low roller MVs correspond to low γ

d
 and high 

roller MVs correspond to high γ
d
). Nine spot-test measure-

ments were performed over a range of roller MVs to assess 
the relationship. Figure 8.2 shows that a reasonable correla-
tion (R2 = 0.52) exists between γ

d
 and the roller MV in the 

Evaluation Section and suggests that Option 1 is valid for this 
Evaluation Section. Conversely, an acceptable correlation was 
not evident from the roller MV versus E

LWD-Z3
 data and would 

therefore call into question the validity of its use in Option 1. 
The difficulty obtaining a suitable roller MV-E

LWD-Z3
 relation-

ship is discussed later.

8.1.2  acceptance Using Specification 
option 2a

Acceptance for Option 2a is based on the percentage 
change in the mean MV %∆µ

MVi
 from consecutive passes 

over an Evaluation Section. Acceptance is met when %∆µ
MVi

 
is less than the target percentage change (%∆-TV = 5% for 
the case study presented here, similar to Austrian CCC spec-
ifications). Table 8.3 provides %∆µ

MVi
 for several passes over 

the Evaluation Section. The evaluation of %∆µ
MVi

 was per-
formed on pass pairs 2-4, 4-6, and 6-8 because the interme-
diate passes (3, 5, 7) used higher-amplitude vibration (see 
pass sequence in Figure 8.1) or were static passes. Option 2a 
requires constant roller operating parameters for measure-
ment passes. Per the %∆-TV = 5% criterion, acceptance was 
met after pass 6. 

8.1.3  acceptance Using Specification 
option 2b

Acceptance for Option 2b is based on the spatial percent-
age change in MV

i
 between consecutive passes %∆MV

i
 rather 

than the percentage change in mean MV of the entire Evalu-
ation Section per Option 2a. Acceptance is met when %∆MV

i
 

≤ %∆-TV for a specified percentage of the Evaluation Section 
(%Area-TV). Per Section 7.5.3.1, the recommended %∆-TV 
is two times the σ%∆MV

 determined from repeatability testing 
(as described in Section 7.1.5.1) with a maximum %∆-TV 
= 20%. However, higher %∆-TV may be used at the discre-
tion of the engineer of record. The σ%∆MV

 = 12.5% for the 
CMV

D
 data, but the roller MV data were qualitatively repeat-

able. Therefore, %∆-TV = 25% was set for this case study. The 
%Area-TV was set at 80%.

Figure 8.3 presents %∆MV
i
 data for passes 4, 5, and 6 

(%∆MV
6
) and 6, 7, and 8 (%∆MV

8
), the last two Measure-

ment Pass pairs over the Evaluation Section. The cumulative 
distributions of the %∆MV

i
 data are also shown. To com-

pute %∆MV
i
, nearest neighbor interpolation was used to 

transform the MV
i
 data onto a fixed grid—the method cur-

rently used by most roller manufacturers. The process of 
transforming GPS-based roller MV data to a fixed grid is 
nontrivial and an area of ongoing research (e.g., see Facas et 
al. 2010). The cumulative distributions illustrate that roller 
MVs decreased by as much as 50% in some areas and in-
creased by as much as 75% in others. These large changes 
are likely a manifestation of deviation in roller path and 
highlight one of the challenges with the gridding of MV data 
records. Figure 8.3 shows that the %∆-TV = 25% was met 
for 81% of the Evaluation Section after pass 6, and there-
fore acceptance is met according to Option 2b. It should be 
noted that although the theory behind Option 2b is sound, 
it is limited practically by the difficulties associated with ac-
curately transforming the MV data onto a fixed grid often 
with a y-scale resolution less than the 2-m-long drum length 
(see Chapter 3).
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Figure 8.2. Roller MV maps of the Calibration Area and Evaluation Section, MV spot-test measurement correla-
tions, and cumulative distribution of MV data after pass 8.
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table 8.2. option 1: Spot-test Measurements from 
weakest areas.

Weakest Area
Location γ

d
 (kN/m3) (pcf) Relative Compactiona

6-1b 21.0 (134) 97.2%
6-2 21.0 (134) 97.2%
7-1 21.0 (134) 97.2%
7-2 20.9 (134) 96.7%
9-1 20.0 (127) 92.6%
9-2 19.8 (126) 91.7%

a Based on percentage of γ
d
-TV = 21.6 kN/m3 (138 pcf). 

b Reflects test 1 at position 6 in Figure 8.2.

table 8.3. Summary of µMVi
 and %∆µMVi

  from tB 
Co34.

Pass µ
MVi

%∆µ
MVi

2 24.8 —
3 NAa —
4 26.9 6.9%
5 NAa —
6 28.1 4.1%
7 NAb —
8 28.6 1.8%

a Pass was with high-amplitude vibration in reverse driving direction; MV data 
are not comparable to MV data from low- amplitude passes.
 Pass was static; no MV data are available.

Figure 8.3. Percentage change in MV maps for passes 4, 5, and 6 (%∆MV6 ) and passes 6, 
7, and 8 (%∆MV8 ) and cumulative distributions of percentage change showing percent of 
area meeting acceptance.
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8.1.4  acceptance Using Specification 
option 3a

8.1.4.1  Initial Calibration

Option 3a requires calibration of roller MVs to spot-test 
measurements to determine an MV-TV. A Calibration Area 
was selected at the southern end of the Evaluation Section 
(Figure 8.1) and was compacted to provide low, medium, 
and full compaction states prior to measurement. Figure 8.2 
shows MV data from a Measurement Pass over the Calibra-
tion Area. Spot testing was performed at five or six locations 
per compaction state. The resulting regression relationships 
are shown in Figure 8.2. A suitable correlation was found be-
tween CMV

D
 and γ

d
 (R2 = 0.52) but not between CMV

D
 and 

E
LWD-Z3

 (R2 = 0.39). Based on the γ
d
-TV = 21.6 kN/m3 (138 

pcf), the MV-TV = 48 (see Figure 8.2).
Beyond the influence of measurement depth mismatch 

between roller MVs and spot-test measurements, the poor 
MV-E

LWD-Z3
 correlation is attributed to the high degree of 

local heterogeneity and the limitation of the LWD to reliably 
measure the stiffness of dry granular materials with rounded 
particles. The high degree of heterogeneity is illustrated by 
the spot-test measurements in Figure 8.4. The multiple data 
at each test location reflect the two moisture/density tests 
and three or four LWD tests performed across the drum lane 
as well as the range of roller MVs encountered in the 1 m 

(3 ft) of data averaged to represent a single point. Although 
γ

d
 exhibits little variation across the drum lane [<0.2 kN/m3 

(1.27 pcf)], the variation in E
LWD-Z3

 measured across the drum 
width (3 to 20 MPa) approaches the entire range from low to 
high compaction states shown in Figure 8.2. The limitation 
of the LWD to measure the stiffness of dry granular materials 
with rounded particles is illustrated in Figure 8.2. Spot-test 
measurements 10 and 13 to 16 were from areas of high roller 
MV and high γ

d
. However, the E

LWD-Z3
 values are often less 

than the results from the medium MV areas and in the case of 
point 9 similar to the results from the low-MV areas. 

8.1.4.2  Assessment of Evaluation Section

Acceptance for Option 3a is based on achieving the MV-TV 
over a specified percentage of the Evaluation Section (%Area-
TV). In this case study, %Area-TV = 90% (similar to current 
German practice). Figure 8.2 shows MV

8
 for the Evaluation 

Section. Pass 8 served as the final compaction pass and final 
Measurement Pass [A = 0.9 mm (0.035 in), v = 3.6 km/h (2.2 
mph), f = 30 Hz]. The cumulative distribution of MV

8
 data 

shows that only 3% of the Evaluation Section met the MV-TV; 
therefore, the Evaluation Section does not meet acceptance 
according to Option 3a.

One critical requirement of Option 3a is that the Calibra-
tion Area must be representative of the Evaluation Section. In 

Figure 8.4. Variation in Spot-Test Measurements across the drum width and  in roller MV along 1 m (3 ft) in the 
driving direction.
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retrospect this is an inappropriate Calibration Area for the 
Evaluation Section. Figure 8.5 shows a comparison of CMV-
γ

d
 correlations from the Calibration Area and Evaluation 

Section, determined from the data presented in Figure 8.2. 
These correlations are clearly different. The Calibration Area 
is stiffer than the Evaluation Section (i.e., for a similar γ

d
 the 

roller MVs in the Evaluation Section were on average 50% of 
those measured in the Calibration Area). The higher roller 
MVs in the Calibration Area are likely due to the stiffer sublift 
material. Test bed CO34 represented the fourth 30-cm (12-
in) lift of subbase material placed in this Evaluation Section. 
The previous three lifts were also compacted by the research 
team using the same general boundaries for the Calibration 
Area and Evaluation Section. This previous work resulted in 
the Calibration Area receiving additional roller passes (i.e., 
for research purposes), resulting in a stiffer subsurface in the 
Calibration Area than the rest of the Evaluation Section. 

Acceptance of the Evaluation Section was reevaluated using 
the correlation from the Evaluation Section. Per the γ

d
-TV = 

21.6 kN/m3 (137.5 pcf), the adjusted MV target value MV-
TV

adj
 = 30. The cumulative distribution of MV

8
 data shows 

that 43% of the Evaluation Section met the adjusted MV-TV. 
Per Option 3a, this Evaluation Section would still not meet 
acceptance.

8.1.5 discussion

The Evaluation Section met project QA acceptance based 
on a static proof roll after pass 8 and provides some insight 
into the CCC-based QA Specification Options. Acceptance 
per Option 1 was not met after pass 8 (the last pass) if the 

standard spot-test-based criteria are used (i.e., RC-TV = 
100%). Using this criterion, Option 1 imposes more stringent 
requirements than current randomized spot-testing criteria. 
In the case study presented here, acceptance was met when 
the RC-TV was relaxed to 92%. The existence of a positive 
CMV

D
-γ

d
 correlation indicates that the principle of Option 

1 is valid. Acceptance per Options 2a and 2b was met after 
pass 6. While it is not known for sure if the Evaluation Sec-
tion would have passed the static proof roll test after pass 6, 
these results indicate that Options 2a and 2b, as evaluated 
here, would have resulted in a similar level of quality as cur-
rent practice. Implementation of Option 3a was unsuccess-
ful because the Calibration Area was not representative of the 
Evaluation Section. An acceptable CMV-γ

d
 correlation was 

found in the Calibration Area; however, this correlation was 
considerably different than that observed in the Evaluation 
Section.

Implementation of specification options presented a 
number of challenges. Construction traffic, particularly haul 
trucks moving through the earthwork area, often forced less 
than ideal Rolling Patterns. Truck traffic made it difficult to 
create uninterrupted and repeatable path Evaluation Area 
roller MV maps. Developing the required correlations in the 
Calibration Area required that the haul trucks (delivering 
material to the Evaluation Section) drive around the active 
earthwork. Contractors commonly utilize haul truck traf-
fic to compact soil, and mandating that they remain off the 
freshly placed soil represents a significant change to current 
practice. Further, the pace of the production earthwork place-
ment and compaction—deemed typical—clearly limits the 
time the research team was able to spend in the Calibration 

Figure 8.5. Comparison of Calibration Area and Evaluation Section MV-γd regression relationships.
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Area. Including the time needed to construct the Calibration 
Area, the correlations were developed in approximately three 
to four hours, although a time frame of one to two hours 
would be more consistent with production schedules. 

8.2	 	Case	Study	II—Stabilized	
Granular	Subgrade	(TB	FL15)	

Specification Options 1, 2a, and 2b were evaluated on a 
12-m (40-ft)-wide by 60-m (200-ft)-long by 30-cm (12-
in)-thick ash-stabilized sand subgrade Evaluation Section in 
Florida (see Figure 8.6). Due to site limitations, this Evalua-
tion Section is smaller than typical. The stabilized subgrade 
consisted of 23 cm (9 in) of granular subgrade material (A-3) 
mixed with 7 cm (3 in) of bed ash (Figure 8.6c). Compac-
tion was performed solely by the research team with the Sakai 
CCC roller and the pass sequence depicted in Figure 8.6. The 
case study presented here utilizes the k

s-CSM
 MV computed 

from independent roller instrumentation (see Section 3.4). 
Nuclear gauge testing was conducted with a 200-mm (8-in) 

probe depth (γ
d
, w), and LWD testing was conducted with a 

300-mm (12-in)-plate-diameter Prima device (E
LWD-P3

). Five 
LWD and three nuclear gauge measurements were performed 
across the width of the drum lane and averaged to represent 
γ

d
 and E

LWD-P3
. Each reported roller MV was determined by 

averaging over 1 m (3 ft) in the direction of roller travel. 
Contract QA specifications included γ

d
-TV = 98% modi-

fied Proctor maximum dry unit weight [γ
d
-TV = 15.3 kN/m3 

(97.4 pcf), RC-TV = 98%). There were no QA requirements 
for moisture. The specification options were evaluated using 
the contractual γ

d
-TV.

8.2.1  acceptance Using Specification 
option 1

Figure 8.7 shows the MV
11

 data map and the results of 
spot-test measurements performed in the roller-identified 
weakest areas immediately after the pass 11 Measurement 
Pass [A = 0.9 mm (0.035 in), v = 4.0 km/h (2.5 mph), f = 
25 Hz)]. Two roller-identified weakest areas were selected for 

Figure 8.6. Overview of TB FL15 showing (a) a Measurement Pass, (b) spot testing with the nuclear den-
sity gauge, and (c) mixing the ash and soil.
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spot testing. The third area was not tested due to time con-
straints. Table 8.4 shows that none of the six spots tested met 
the γ

d
-TV or RC-TV; therefore, the Evaluation Section does 

not meet acceptance according to Option 1. Further compac-
tion would have been required to meet acceptance based on 
current practice. Since the test bed was being constructed for 
research purposes, further compaction was not immediately 
pursued.

As with the results from TB CO34, it can be argued that 
requiring 98% relative compaction in the weakest areas is 
more stringent than the existing Florida approach in which 
test locations are randomly selected. For example, five of the 

six weakest areas would meet an RC-TV = 94% criteria. For 
this reason, individual agencies must carefully consider exist-
ing QA criteria and spot-testing practice when establishing 
acceptance criteria for Option 1. In addition, the fact that 
this area received 11 roller passes and was still not fully com-
pacted according to Option 1 calls into question this particu-
lar γ

d
-TV. 

It is important to note that there is not a positive correla-
tion between the roller MV and γ

d
 (Figure 8.7). This implies 

that the areas with low roller MVs do not necessarily cor-
respond to areas with low density. This result implies that 
Option 1 should be used with caution, and a higher spot-test 
measurement frequency may be desired. 

8.2.2  acceptance Using Specification 
option 2a

Table 8.5 provides %∆µ
MVi

 for several consecutive passes 
(with constant operating parameters as listed above). Based 
on a %∆-TV = 5%, the Evaluation Section meets acceptance 
after pass 9. Recall that the Evaluation Section had not met ac-
ceptance based on current practice after pass 11. This implies 
that Option 2a is less stringent than current practice for this 
Evaluation Section.

Figure 8.7. Spatial MV data obtained during the final Measurement Pass over TB FL15 and regression 
relationships between roller MV and Spot-Test Measurements.

table 8.4. option 1: Spot-test Measurements from 
weakest areas.

Location γ
d
 (kN/m3) Relative Compactiona

1-1 15.2 (96.7) 97.4%
1-2 15.1 (96.1) 96.8%
1-3 14.7 (93.6) 94.2%
2-1 14.8 (94.2) 94.9%
2-2 14.8 (94.2) 94.9%
2-3 14.0 (89.1) 89.7%

 aBased on maximum modified Proctor γ
d
 =  15.6 kN/m3 (99.4 pcf).
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8.2.3  acceptance Using Specification 
option 2b

The repeatability of k
s-CSM

 at the Florida work site was de-
termined to be 5% based on the procedure in Section 7.5.3.1; 
therefore, the Option 2b %∆-TV was set equal to 10% for 
this case study. As with Case Study I, a %Area-TV = 80% was 

used. Figure 8.8 shows %∆MV
i
 for passes 9 and 11. The cu-

mulative distributions of the %∆MV
i
 are also shown. Nearest 

neighbor interpolation was used to transform the data onto 
a fixed grid. As illustrated, 92% of the Evaluation Section met 
the %∆-TV after pass 9. This percentage is greater than the 
%Area-TV, and therefore acceptance was met according to 
Option 2b after pass 9.

8.2.4 discussion

As shown in Table 8.1, TB FL15 did not meet contract QA 
requirements for γ

d
 at the end of compaction. The test bed 

was constructed for research purposes, and further compac-
tion (beyond 12 passes) was not immediately pursued. The 
Evaluation Section also failed to meet acceptance based on 
Option 1; however, it did meet acceptance based on Options 
2a and 2b. These results imply that Options 2a and 2b may be 
less stringent than the other options and current practice. To 

table 8.5. Summary of µMVi
 and %∆µMVi

 from tB FL15.

Pass µ
MVi

%∆µ
MVi

5 50.8 —
6 NAa —
7 56.8 11.7%
8 NA —
9 58.5 3.0%
10 NA —
11 59.9 2.4%

 a Pass was static; no MV data are  available.

Figure 8.8. Percentage change in MV maps for passes 7, 8, and 9 (%∆MV9 ) and passes 9, 10, 
and 11 (%∆MV11 ) and cumulative distributions of percentage change showing percentage 
of area.
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improve reliability, it may be desirable to implement Option 
2a or 2b in conjunction with Option 1.

This case study also illustrated the importance of assessing 
whether or not a positive correlation exists between the roller 
MV and the spot-test measurements used for QA. Option 1 
should be used with caution, and more spot-test measure-
ments may be needed when an acceptable (R2 > 0.50) positive 
correlation does not exist.

8.3	 	Case	Study	III—TB	FL19	
Aggregate	Base

Construction of TB FL19 involved placing and compact-
ing a nominal 0.15-m (0.50-ft)-thick aggregate base layer  
(AASHTO: A-1-b) over a compacted stabilized subgrade layer 
using the Dynapac smooth drum IC roller (with the CMV

D
 

measurement system). Maximum dry unit weight (γ
dmax

) and 
corresponding optimum moisture content (w

opt
) per modi-

fied Proctor method (AASHTO T-180) were 18.2 kN/m3 

(116.0 pcf) and 11.5%, respectively. Project specifications 
required that the base material be compacted to an RC-TV = 
98% [γ

d
-TV = 17.86 kN/m3 (113.70 pcf)]. No moisture con-

trol was required by the project specifications. To evaluate the 
influence of underlying support conditions on compaction 
layer roller CMV

D
, the stabilized subgrade layer was mapped 

at nominal A = 1.1 mm (0.043 in), f = 30 Hz, and v = 4.5 km/h 
(2.8 mph) settings, prior to placing the base layer. 

The Evaluation Section had plan dimensions of about 
9.1 m × 275 m (30 ft × 917 ft). An approximate area of 2.4 m 
× 30 m (8 ft × 100 ft) at the southern end of the Evaluation 
Section was selected as the Calibration Area for Option 3a. 
The compaction layer fill material was placed using dump 
trucks, spread using a dozer, and leveled using a motor grader 
to the desired elevation. Compaction of the Calibration Area 
is described below. The Evaluation Section was compacted in 
manual mode using constant operation settings at nominal 
A = 0.9 mm (0.035 in), f = 30 Hz, and v = 4.0 to 4.5 km/h (2.5 
to 2.8 mph). The Evaluation Section received uneven compac-
tion from construction traffic during placing, spreading, and 
leveling operations. With the aid of the CMV

D
 map on the 

onboard computer, compaction efforts were focused in areas 
with low CMV

D
. Compaction passes over the Evaluation Sec-

tion varied from 6 to 15 roller passes. The compaction process 
was terminated when field observations indicated that ad-
ditional compaction was not improving the CMV

D
 values. 

More details on the construction and testing procedures fol-
lowed on this test bed are provided in Appendix D.

8.3.1  acceptance Using Specification 
option 3a 

8.3.1.1   Calibration Area Testing and Analysis to 
Establish MV-TVs

After the material was placed and leveled, the Calibration 
Area was scarified to the bottom of the compaction layer 
using a motor grader. The test area was compacted with 13 
roller passes at nominal A = 0.9 mm (0.035 in), f = 30 Hz, and 
v = 4.0 to 4.5 km/h (2.5 to 2.8 mph) settings. In situ moisture-
density (using nuclear gauge), CBR (from DCP), and E

LWD-Z3
 

point measurements were obtained at five locations across 
the test strip with three measurements across the drum width 
at each test location (Figure 8.9). Moisture-density tests were 
conducted using a probe penetration depth of 150 mm (6 in). 
Point measurements were obtained after 1, 2, 3, 4, 8, and 12 
roller passes.

Figure 8.10 shows spot-test measurements in compari-
son with the CMV

D
. CMV

D
 data are shown as solid lines and 

point measurement as discrete points. Results show that both 
the CMV

D
 and in situ measurement values increased with in-

creasing passes. Compaction growth for CMV
D
 and spot-test 

measurements are presented in Figure 8.11, with a hyperbolic 
fit to the average data. The curves indicate that, on average, 
the CMV

D
, E

LWD-Z3
, and γ

d
 measurements generally increased 

up to 12 roller passes. At 12 passes the required γ
d
-TV (98% 

of T-180 γ
dmax

) could not be reached as the material was, on 
average, 3% dry of w

opt
 (see Figure 8.12). 

Figure 8.9. Calibration Area and Evaluation Section 
(TB FL19).
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Figure 8.10. Roller MV (CMVD ) and in situ compaction measurement comparison for select roller passes from the 
calibration area.

Linear regression relationships between spot-test measure-
ments and CMV

D
 were developed based on spatially near-

est data (see Figure 8.13). Because the required γ
d
-TV could 

not be achieved, the target values were selected from the field 
compaction curves for illustration purposes. As indicated in 
Figure 8.11, E

LWD-Z3
 and γ

d
 corresponding to 98% of the hyper-

bolic curve asymptote were considered as QA-TVs [E
LWD

-TV
 

= 90 MPa and γ
d
-TV = 16.80 kN/m3 (107 pcf)]. Using the in-

verse regression approach and an 80% upper prediction limit, 
MV-TV = 49 was established, corresponding to the E

LWD
-TV 

and γ
d
-TV. As described in Chapter 7, use of prediction limits 

in selecting the MV-TV accounts for the uncertainty in the 
relationships and can be used to increase the confidence in 
the estimated target value.

8.3.1.2  Assessment of Evaluation Section

Following compaction passes, the Evaluation Section was 
mapped using constant operation settings at nominal A = 
0.9 mm (0.035 in), f = 30 Hz, and v = 4.0 to 4.5 km/h (2.5 to 
2.8 mph). The CMV

D
 map and the frequency distribution of 

CMV
D
 from the Evaluation Section are presented in Figures 

8.14 and 8.15, respectively. Using Specification Option 3a, 
approximately 32% of the area did not achieve the MV-TV, 
and therefore this Evaluation Section would not meet the ac-
ceptance requirements. An important finding is that the cor-
relations between CMV

D
 and spot-test measurements in the 

Evaluation Section were not as defined as in the Calibration 
Area (Figure 8.14). As discussed below, the reason for scatter 
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Figure 8.11. Compaction growth curves for roller MV (CMVD ) and spot-test measurements from the calibration 
strip (point measurements represent average of three measurements across the drum width).

in the Evaluation Section relationships is attributed to hetero-
geneity in the underlying layers. 

In situ spot tests (γ
d
 and E

LWD-Z3
) were performed at 23 

test locations across the Evaluation Area, of which 12 loca-
tions consisted of areas with CMV

D
 < MV-TV. In situ spot 

tests and corresponding CMV
D
 comparison measurements 

(based on nearest point data) are compared with calibration 
regression relationships in Figure 8.14. Out of 23 spot tests 
performed in the Evaluation Section, eight E

LWD-Z3 
and one γ

d 

test measurements failed to meet their respective QA-TVs. 
To further investigate the areas that met the γ

d
-TV but not 

the E
LWD

-TV requirement, DCP tests were conducted at five 
select test locations (8, 13, 19, 23, 25), extending into the sta-
bilized subgrade layer to a depth of about 380 to 500 mm 
below the surface. CBR values were calculated from the DCP 
index values. To help interpret the CBR values, a target CBR 
= 21 was determined using a regression relationship obtained 
from calibration, corresponding to the MV-TV = 49 and 80% 
prediction interval (Figure 8.13). CBR profiles showed a zone 
(about 70 to 250 mm in thickness) of low CBR (< 21) in the 
stabilized subgrade layer at depths of about 190 to 300 mm 
(7.6 to 12.0 in) below the surface at test locations 8, 13, 15, 17, 

Figure 8.12. Comparison of laboratory Proctor com-
paction curves and in situ moisture and dry unit 
weight measurements.
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Figure 8.13. Simple regression relationships between roller MV (CMVD ) and Spot-Test Measurements with 80% 
prediction limits to establish MV-TVs (each test point represents an average of three spot-test measurements 
across the drum width).

19, 23, and 25 (see Figure 8.14). Low CMV
D
 and E

LWD-Z3
 values 

at these test locations were likely influenced by these “weak” 
zones, while the compaction layer γ

d
 values were not, with the 

exception of test location 8. CBR profiles at two test locations 
(15 and 17) with CMV

D
 > MV-TV are also shown in Figure 

8.14 for reference. These tests were terminated in the stabi-
lized subgrade due to low penetration values [< 5 mm (0.198 
in)/blow, which is about CBR > 48]. This example demon-
strates how soft underlying layers affect CMV

D
 and how DCP 

testing can be used to identify these conditions and illustrates 
the importance of ensuring that the Calibration Area is repre-
sentative of the Evaluation Section. 

8.3.2   Implementation of Spatial Statistics for 
Nonuniformity Analysis

To demonstrate the approach of establishing nonunifor-
mity criteria using spatial statistics, an experimental semi-
variogram of CMV

D
 from the Calibration Area was devel-

oped (Figure 8.15). A Gaussian theoretical model was fit to 
the experimental semivariogram with sill = 90, range = 7 m, 
and nugget = 0. The theoretical model was selected based 
on comparatively better least squares fit than other models 
(e.g., spherical, exponential), modified Cressie goodness of 
fit (Clark & Harper 2002), and cross-validation process (see 
Vennapusa et al. 2009 for full description of model fitting 
process). For acceptance using the sill-based nonuniformity 
criteria, an Evaluation Section with length equivalent to the 
Calibration Area should have sill values lower than the target 
sill (i.e., sill from the Calibration Area). 

The CMV
D
 data from the Evaluation Section were evalu-

ated for nonuniformity by plotting semivariograms for four 
select areas of length equal to the length of the calibration 

test area (~30 m). Only two of the four selected areas showed 
sill values < 90. It is clear that the Evaluation Section showed 
significantly greater spatial nonuniformity compared to the 
Calibration Area. This greater nonuniformity is attributed 
primarily to nonuniform conditions in the underlying sta-
bilized subgrade layer, as shown in the stabilized subgrade 
CMV

D
 map (Figure 8.16) and previously verified with full-

depth DCP index tests (Figure 8.14). 
In short, the nonuniformity criteria established from the 

Calibration Area could not be met in the Evaluation Section 
due to the influence of heterogeneous underlying layer prop-
erties. Similar to the MV spot-test calibration analysis for Op-
tion 3a, it should be noted that this nonuniformity criterion 
is limited to conditions with Evaluation Section having similar 
spatial heterogeneity in underlying support conditions with 
respect to the Calibration Area. In this case study it was not. 
However, more research is needed in relating nonuniformity 
to performance for a better understanding of what level of 
uniformity is desired and how field operations can be im-
proved to control nonuniformity.

8.3.3   Comparison to Existing German, ISSMGE, and 
Mn/DOT Specifications Acceptance Criteria

Comparison of acceptance using Specification Option 3a 
to the German, ISSMGE, and Mn/DOT acceptance criteria is 
presented in Figure 8.17. The German specifications (see Sec-
tion 2.3.1) are very similar to Specification Option 3a, except 
the use of prediction limits is not specified. Acceptance re-
quires that 90% of roller MVs in the Evaluation Section must 
exceed the MV-TV. As shown in Figure 8.17, the MV-TV from 
the linear regression relationship is 38. A frequency distribu-
tion plot indicates that 94% of the CMV

D
 is greater than the 
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Figure 8.14. CMVD map of the Evaluation Section and CBR profiles at select locations.
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MV-TV; therefore, the Evaluation Section does meet the Ger-
man acceptance requirements.

ISSMGE specifications are described in Section 2.3.2. In 
brief, the mean TV in the Evaluation Section ME should be 
greater than ME-TV, all MVs within 0.8 MIN-TV, and MAX-
TV with coefficients of variation (COVs) < 20%. Procedures 
for establishing ME-TV (~44), MIN-TV (~33), and MAX-TV 
(~50) are described in Figure 8.17. The frequency distribution 
plot of CMV

D
 data from the Evaluation Area indicates that 

ME = 56 and is greater than the ME-TV, but only about 63% 
of the data falls within 0.8 MIN-TV and MAX-TV. Therefore, 
the Evaluation Area does not meet acceptance. Further, the 
CMV

D
 COV was 27%, which exceeds the acceptance limit of 

20%. The nonuniformity criteria were thus not achieved fol-
lowing the ISSMGE criteria, and reworking the Evaluation 
Section would be required.

Mn/DOT specifications are described in Section 2.3.4. In 
brief, the acceptance criterion calls for 90% of the roller MVs 
in the Evaluation Section to be within 90% to 130% of the 
MV-TV determined from the Calibration Area. The MV-TV 
(~53) determined using Mn/DOT procedure is shown in Fig-
ure 8.17. The CMV

D
 frequency distribution plot for the Eval-

uation Section showed that only 56% of the MVs are within 
the 90% to 130% range. Therefore, the Mn/DOT acceptance 
criterion was not achieved.

8.4	 	Case	Study	IV—TB	FL23	
Granular	Subgrade	

A Calibration Area (see test bed FL23 in Appendix D) was 
constructed prior to compaction in the Evaluation Section. 
Specification Options 1 and 2b do not require calibration, 
whereas calibration is required for Specification Option 3. 
QA for this project was based on achieving a target γ

d
. For 

illustration purposes, an E
LWD

 target value was also selected 
for assessment of the Evaluation Section for Specification Op-
tion 3a. Compaction operations in the Calibration Area and 
Evaluation Section were performed with a Case IC roller with 
the k

s
 measurement system at constant settings, with nominal 

A = 1.1 mm (0.043 in), f = 30 Hz, and v = 4.0 km/h (2.5 mph). 
Moisture and dry unit weight tests (using nuclear gauge) were 
conducted using a probe penetration depth of about 150 mm 
(6 in), and LWD tests were conducted by excavating the loose 
surface sand to a depth of 50 to 75 mm (2 to 3 in) below the 
surface (see White et al. 2007). 

Construction of TB FL23 involved scarifying the in-place 
embankment subgrade material (AASHTO: A-1-b) to a depth 
of 0.2 to 0.3 m (0.6 to 1.0 ft) below grade and compacting 
using the smooth drum Case IC roller. Maximum dry unit 
weight (γ

dmax
) and corresponding optimum moisture content 

(w
opt

) as determined by the standard Proctor method (AAS-
HTO T-99) for the subgrade material were 15.9 kN/m3 (101.2 
pcf) and 8.3%, respectively. Project specifications required 
that the subgrade material be compacted to ≥	95% standard 
Proctor γ

dmax
 [γ

d
-TV = 15.11 kN/m3 (96.2 pcf)]. Moisture 

control was not required by the project specifications. The 
Evaluation Section (FL23B) consisted of plan dimensions of 
about 12 m × 275 m (36 ft × 825 ft; see Figure 8.18). A lane 
located adjacent to the production test bed with material in 
a relatively loose and noncompacted state was arbitrarily se-
lected for the Calibration Area (FL23A). The calibration test 
area was about 2.4 m × 60 m (7.2 ft × 180 ft). 

8.4.1  acceptance Using 
Specification option 1

Acceptance for this option is based on achieving the γ
d
-TV 

in roller-identified weakest areas, identified from the k
s
 data 

map of the Evaluation Section. In situ γ
d
 point measurements 

were conducted after pass 6 and focused in the weakest areas, 
where k

s
 < 23 MN/m. The tests results are summarized in a 

histogram plot shown in Figure 8.19. The relative compac-
tion at these test measurements was between 97% and 109% 
of standard Proctor γ

dmax
. Therefore, the Evaluation Section 

met the acceptance requirements of Specification Option 1 as 
well as current practice where testing is performed at discrete 
random locations. 

8.4.2  acceptance Using 
Specification option 2a

This specification option requires evaluating the change 
in mean k

s
 (∆µk

s
) with successive passes over the Evalua-

tion Section. The Evaluation Section was compacted with six 
roller passes with constant roller operation settings as de-

Figure 8.15. Semivarigoram, univariate statistics, and 
distribution of CMVD from the Calibration Area.
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Figure 8.16. Uniformity-based acceptance criterion for Evaluation Section using spatial and univariate statistics.
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Figure 8.17. Evaluation of the Evaluation Section using Specification Option 3a in comparison to 
German, ISSMGE, and Mn/DOT acceptance criteria.
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scribed above. As shown in Table 8.6, the target ∆µk
s
 of 5% 

was achieved after pass 3. Therefore, the Evaluation Section 
met the acceptance requirements of Specification Option 2a. 
No QA point measurements were obtained immediately after 
pass 3. QA measurements obtained after pass 6 are described 
in Figure 8.19, which indicated that all the measurements met 
the project’s γ

d
-TV per current practice. 

8.4.3  acceptance Using Specification 
option 2b

This specification option requires evaluating the spatial 
percentage change in k

s
 (∆k

s
) with successive passes over 

the Evaluation Section. To allow pass-to-pass comparison of 
the spatial k

s
 data, the data were placed on a fixed grid using 

kriging (see Figure 8.20). To perform the kriging, an omni-
directional exponential variogram model was used and the 
data were assumed to be stationary. Fitting weights were not 
employed, and anisotropy was not considered. Average ∆k

s
 

and percent area with ≤	5% ∆k
s
 between successive passes is 

presented in Table 8.6. The target requirement of ∆k
s
 ≤ 5% 

over 90% of the area was met at pass 5. It is interesting to 
note that while the acceptance is met after pass 5, acceptance 
would not have been met after pass 6. This is possibly due to 
decompaction during pass 5 and subsequent recompaction 
during pass 6. Further, the kriged maps show two distinctly 
different compaction curves for areas 1 and 2, as highlighted 
in Figure 8.20, while the ∆k

s
 curve was similar for the two 

areas. As discussed in the following section, these two areas 
contained different underlying layer conditions. 

8.4.4  acceptance Using Specification 
option 3a

8.4.4.1  Initial Calibration

This specification option requires calibration of k
s
 to spot-

test measurements from a Calibration Area. The selected 
Calibration Area was compacted with eight roller passes at 
constant machine operation settings. In situ γ

d
 and E

LWD 
point 

measurements were obtained at 10 locations across the Cali-
bration Area. Tests were conducted after 1, 2, 4, and 8 roller 
passes. Linear regression relationships between γ

d
, E

LWD
, and k

s
 

were developed based on spatially nearest data, as presented 
in Figure 8.21. Using the inverse regression approach and an 
80% prediction interval, MV-TV = 23 MN/m was established, 
corresponding to the γ

d
-TV. Moisture content was not a sig-

nificant parameter in the regression analysis. To demonstrate 
the use of E

LWD
 as an alternate QA tool, E

LWD
-TV = 28 MPa 

corresponding to the MV-TV and 80% prediction interval 
was established, as shown in Figure 8.21.

Figure 8.18. Calibration Area and Evaluation Section 
for TB FL23.

Figure 8.19. Histogram of QA test measurements in 
the Evaluation Section.

table 8.6. Summary of ∆ks and ∆µks successive passes 
in the evaluation Section.

Parameter 1 2 3 4 5 6

µk
s

16 20 20 21 20 20
∆µk

s
 — 20 3 2 -2 2

Percent area ∆k
s
 ≤ 5% — 4 69 80 94 80
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Figure 8.20. Kriged spatial maps of ks from pass 1 to pass 6 and corresponding percent increase in roller ks for 
each consecutive pass.

8.4.4.2  Assessment of Evaluation Section

After compaction operations in the Evaluation Section, the 
area was mapped using the same constant roller operation 
settings as in the Calibration Area. The k

s
 map of the Evalu-

ation Section is shown in Figure 8.22. Acceptance using this 
option is based on achieving k

s
 ≥	MV-TV for a set percentage 

of the Evaluation Section, in this case 90% (similar to German 
practice). Analysis of the Evaluation Section showed only 20% 
of roller k

s
 > MV-TV; therefore, the Evaluation Section does 

not meet acceptance per Option 3a.
In situ γ

d
 and E

LWD
 point measurements were obtained at 40 

test locations, with 33 test locations in areas where k
s
 < MV-

TV. Spot-test measurements and corresponding k
s
 (based on 
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nearest point data) are compared with calibration relation-
ships in Figure 8.22. All of the γ

d
 measurements met the re-

quirement with 97% to 109% of standard Proctor γ
dmax 

(see 
Figure 8.19). E

LWD 
at 12 of 40 locations failed to meet the E

LWD
-

TV. Inspection of Figure 8.22 reveals that the E
LWD

 data from 
the Evaluation Section generally follows the same trend as that 
from the Calibration Area and therefore for the selected Cali-
bration Area appears appropriate for QA based on correlation 
to E

LWD
-TV. However, the γ

d
 data from the Evaluation Section 

do not exhibit the same trend as that from the Calibration 
Area, and therefore the selected Calibration Area is not suit-
able for QA based on correlation to γ

d
-TV. This illustrates a 

limitation of this calibration approach. Because of the lack 
of a suitable Calibration Area, it is not possible to comment 
here on how Option 3a compares to existing spot-test-based 
QA for this case.

To further investigate the locations that did not meet the 
E

LWD
-TV, DCP tests were conducted at five select locations 

(10, 18, 24, 18, and 37) extending to about 500 mm below sur-
face. DCP tests were also conducted at two locations where k

s
 

> MV-TV (2 and 5) for comparison. CBR values were calcu-
lated from DCP index values following ASTM D6951. CBR 
profiles at the test locations are shown in Figure 8.22. At lo-
cations where E

LWD
 tests failed, CBR profiles showed lower 

underlying support conditions. CBR values at those locations 
were in the range of 5 to 12 from 100 to 400 mm (4 to 16 in) 

depth, which is low compared to locations 2 and 5, where 
the average CBR was > 25 from 100 to 400 mm (4 to 16 in) 
depth. 

8.4.5  acceptance Using Specification 
option 3b

This specification option requires evaluating the change in 
k

s
 (∆k

s
) between successive passes in Calibration Area to es-

tablish an MV-TV. Results obtained from the Calibration Area 
are presented in Table 8.7, with average ∆k

s
 and percent area 

with ≤	5% ∆k
s
 between successive passes. The compaction 

growth curve for k
s
, average ∆k

s
, and γ

d
 point measurements 

with a hyperbolic curve fit to the average data is presented 
in Figure 8.23. Five passes were required to achieve the re-
quirement of ∆k

s
 ≤	5% over 90% of the Calibration Area. The 

γ
d
-TV was met at 9 of 10 test locations after four passes. The 

average k
s
 corresponding to pass 5 was MV-TV = 23 MN/m. 

Acceptance using this option is based on Evaluation Sec-
tion k

s
 ≥ MV-TV. A cumulative frequency distribution plot 

of Evaluation Section k
s
 is presented in Figure 8.24 and shows 

about 80% of k
s
 < MV-TV. Note that this option mandates 

that the Calibration Area be representative of the larger Eval-
uation Section, which as shown earlier was not the case for 
this case study. Therefore, comparisons to existing practice 
should be treated with caution.

Figure 8.21. Linear regression relationships between spot-test measurements and ks from the Calibration Area 
(TB FL23A).
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Figure 8.22. ks map of the Evaluation Section, CBR profiles at select locations, and comparison of production test 
measurements with the established QA criteria.
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8.4.6  Comparison to german, ISSmge, and 
mn/doT Specifications acceptance 
Criteria 

Acceptance criteria using the existing German, ISSMGE 
(2005), and Mn/DOT (2007) specifications are presented in 
Figure 8.25. Correlation between k

s
 and γ

d
 measurements is 

not recommended in the German specifications and therefore 
was not evaluated. E

LWD
 values were considered. As shown in 

Figure 8.25, 35% of the Evaluation Section met this require-
ment of MV-TV ≥ 21; therefore, the Evaluation Section does 
not meet acceptance.

Correlation between k
s
 and γ

d
 measurements is not rec-

ommended in ISSMGE specifications; therefore, E
LWD

 values 
were again considered. The Evaluation Section k

s
 shows that 

the mean k
s
 (ME = 20) is less than the ME-TV = 21, only 

46% of the MVs are above the MIN-MV (k
s
 = 20), and ap-

proximately 15% of the data fall below the 0.8 MIN-TV (k
s
 = 

16). Therefore, none of the acceptance criteria are met, and 
further compaction/reworking would be required. The coef-
ficient of variation (COV = 19%) of k

s
 is within the accep-

tance limit of 20%. 

table 8.7. ∆ks from successive passes in the Calibration Area.

∆k
s

Pass 1 to 2 Pass 2 to 3 Pass 3 to 4 Pass 4 to 5 Pass 5 to 6 Pass 6 to 7 Pass 7 to 8

Average 20 5 4 -2 1 2 5
Percent area with ≤5% 0 52 75 94 87 89 59

Figure 8.23. Compaction curves for ks , ∆ks , and spot-test measurements.

Figure 8.24. Cumulative frequency distribution plot 
of Evaluation Section ks.
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Figure 8.25. Acceptance using German, ISSMGE, and Mn/DOT specifications.
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Using the Mn/DOT specification, MV-TV = 25 is estab-
lished from the calibration data. The Evaluation Section k

s
 

showed that only about 29% of the area is within 90% to 
130% of MV-TV range. Therefore, the Mn/DOT criterion 
was not satisfied.

8.5	 	Case	Study	V—Granular	
Subgrade	(TB	nC20)

Specification Options 1 and 3a were evaluated on an 18-
m (60-ft)-wide by 500-m (1,640-ft)-long granular subgrade 
Evaluation Section in North Carolina (see Figure 8.26). The 
silty sand subgrade material (A-2-4) was compacted by the 
contractor using typical vibratory equipment. The Calibra-
tion Area was full width [18 m (60 ft)] and occupied the 
northernmost 100 m (300 ft) of the Evaluation Section. A 
single Measurement Pass (i.e., a proof roll pass, i = pr) was 
performed with the Sakai CCC roller. Spot-Test Measurements 
were collected with the balloon density tester to a depth of 
200 m (8 in) in the Evaluation Section and with the nuclear 
density gauge to a probe depth of 200 mm (8 in) in the Cali-
bration Area and a Keros LWD with a 300-mm (12-in)-plate 
diameter (E

LWD-K3
). The case study presented here utilizes the 

k
s-CSM

 MV computed from independent roller instrumenta-
tion (see Section 3.4). Seven LWD and three nuclear gauge 
measurements were performed across the width of the drum 

and averaged to represent single γ
d
 and E

LWD-K3
 measurements 

for regression analysis (i.e., in the Calibration Area). Each re-
ported roller MV was determined by averaging over 1 m (3 ft) 
in the direction of roller travel.

The contract QA specifications included a γ
d
-TV = 17.7 

kN/m3 (113 pcf) based on 95% standard Proctor maximum 
dry unit weight (RC-TV = 95%) and a static proof roll (see 
Figure 8.26b). There were no QA requirements for moisture. 
The project QA agent performed a static proof roll test over 
the Evaluation Section after option evaluation was completed. 
One isolated area with soft underlying clay layers did not pass 
proof roll and required remediation. The specification op-
tions were evaluated using the contractual RC-TV and an 
E

LWD
-TV for Option 3a derived from the γ

d
-TV (for illustra-

tion purposes).

8.5.1  acceptance Using Specification 
option 1

Figure 8.27 presents MV
pr

 data from the Evaluation Section. 
Spot-test measurements (γ

d
) were performed in the roller-

identified weakest areas. Results indicated relative compac-
tion values of 100% and 102%, both exceeding the RC-TV 
= 95%. Therefore, the Evaluation Section met acceptance ac-
cording to Option 1. The detailed calibration performed to 
evaluate Option 3a discussed below indicated that a positive 

Figure 8.26. Overview of TB NC20 summarizing construction and compaction of the test bed and showing (a) a 
Measurement Pass and (b) static proof roll test.
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Figure 8.27. Roller MV maps of the Calibration Area and Evaluation Section, MV and spot-test measurement cor-
relations and cumulative distribution of MV data.
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correlation did exist between the roller MV and γ
d
. However, 

this correlation was not acceptable (R2 = 0.21), and in such 
cases Option 1 should be used with caution, and a higher 
number of spot-test measurements may be desirable. 

A small area of the Evaluation Section that failed the static 
proof roll test (and therefore required remediation) is also 
shown in Figure 8.27. Due to time constraints, spot tests were 
not performed in this area. Conversely, the roller-identified 
weakest area passed the static proof roll test. The weak MV-γ

d
 

correlation is one possible reason the roller-identified weak-
est area passed the static proof roll test while an area with 
slightly higher MVs failed.

8.5.2  acceptance Using Specification 
option 3a

8.5.2.1  Initial Calibration

Calibration of roller MVs to spot-test measurements was 
based on areas of low, medium, and high stiffness found 
within the Measurement Pass [A = 0.9 mm (0.035 in), v = 
4.0 km/h (2.5 mph), f = 30 Hz] of the previously compacted 
Calibration Area at the northern end of the Evaluation Sec-
tion. This is an alternative approach to creating discrete low, 
medium, and high compaction states. Four to five spot-test 
measurements were performed in low, medium, and high MV 
areas (see Figure 8.27). The resulting regression relationships 
are presented in Figure 8.27. A suitable correlation was not 
found between the roller MV and γ

d
 (R2 = 0.21), and therefore 

Option 3a cannot be implemented. A good correlation was 
evident between the roller MV and E

LWD-K3
 (R2 = 0.69). For il-

lustration, an E
LWD-K3

-TV = 22 MPa was established based on 
the relationship observed between γ

d
 and E

LWD-K3
 (R2 = 0.32, 

graph not shown) and the γ
d
-TV = 17.7 kN/m3 (112.7 pcf). 

Based on E
LWD-K3

-TV = 22 MPa, the resulting MV-TV = 40. 
The difficulty in obtaining a good correlation between the 

roller MV and γ
d
 is likely due to sublift variability and mea-

surement depth. For example, locations 14 and 15 exhibit 
significantly different roller MVs, yet their γ

d
 are the same. 

The roller MV at location 14 reflects stiffer sublift material 
compared to soft sublift conditions at location 15. The E

LWD-K3
 

from the 300-mm (12-in)-diameter LWD that measures to 30 
to 60 cm (12 to 24 in) deep supports this (i.e., the E

LWD-K3
 at 

location 14 is twice the E
LWD-K3

 at location 15.

8.5.2.2  Assessment of Evaluation Section

Acceptance for Option 3a is based on achieving the MV-
TV over a specified percentage of the Evaluation Section 
(%Area-TV). In this case study, %Area-TV = 90%, similar 
to German practice, and as determined above, MV-TV = 40. 
The MV map and cumulative distribution of MV data are 

shown in Figure 8.27. The cumulative distribution shows that 
93% of the Evaluation Section met the MV-TV. Accordingly, 
the Evaluation Section met acceptance according to Option 3a 
based on the E

LWD-K3
-TV. 

8.5.3 discussion

TB NC20 met contract QA requirements for γ
d
 and passed 

the static proof roll test (except in one small area). The Evalu-
ation Section also met acceptance based on Option 1. How-
ever, the relationship between roller MVs and γ

d
, while posi-

tive, was shown to be weak. Therefore, Option 1 should be 
employed with caution. Option 3a implementation was not 
valid, as a suitable correlation (R2 = 0.5) was not found be-
tween the roller MV and γ

d
. In such cases, Option 3a could 

not be used for QA. Other options such as 1 or 2a/2b or a 
combination of options would need to be pursued.

As in Case Study I, implementation of specification op-
tions presented a number of challenges. At the North Caro-
lina site, haul trucks entered the Evaluation Section in reverse, 
deposited material, and then drove forward out of the area 
(see Figure 8.28). They did not drive through the project due 
to a geomembrane placed beneath the material. This often 
forced less than ideal roller pass patterns and created haz-
ardous conditions for personnel performing spot-test mea-
surements. Performing correlation studies in a designated 
full-width Calibration Area required a change in how the 
earthwork contractor placed material. To perform repeatable 
Measurement Passes in the Evaluation Section, the research 
team had to wait for the earthwork contractor to completely 

Figure 8.28. Placing material (top) and performing 
spot-test measurements (bottom) in an active Evalua-
tion Section at the North Carolina work site.
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finish hauling and placing a section. In typical production 
compaction practice, roller compactors are used throughout 
the hauling, placing, and grading operation. Careful planning 
and cooperation between the contractor and QA agents are 
critical for successful implementation of CCC-based QA.

8.6	 	Case	Study	VI—Mn10	
nongranular	Subgrade	

A test bed constructed as part of the MnROAD field testing 
program is presented herein as an approach to establish MV-
TV relating to laboratory M

r
 values for Specification Option 

3c and an approach to adjust the MV-TV for moisture con-
tent. Roller MV (E

vib
) and spot-test measurements obtained 

from this test bed are described in Chapter 6 (Section 6.4.1). 
In brief, the test bed was constructed with a layer of non-
granular subgrade material [AASHTO: A-6(5)] underlain by 
a relatively stiff and homogeneous subgrade layer. The sub-
grade layer was moisture conditioned w

opt
 by dividing the 

test bed into three sections to approximately -3%, 0%, and 
+3% of standard Proctor [maximum dry unit weight and 
optimum moisture content as determined by the standard 
Proctor method were 16.95 kN/m3 (107.90 pcf) and 16.4%, 
respectively]. Compaction passes were performed using a pad 
foot Bomag IC roller, and in situ w-γ

d
 point measurements 

were obtained in parallel with the compaction process. The 
analysis and results presented below are for the purpose of 
illustrating the calibration approach for Option 3c. As such, 

detailed comparisons to current practice (i.e., γ
d
 spot-test-

based QA) and other existing CCC specifications are not 
made and the assessment of an Evaluation Section is not pur-
sued. Laboratory M

r
 tests were conducted on reconstituted 

laboratory-compacted specimens to develop w-γ
d
-M

r
 rela-

tionships for the subgrade material. Test results are described 
in Section 6.4.1. 

8.6.1  relationship Between roller mv and 
Spot-Test measurements

Linear regression relationships between γ
d
 and E

vib
 were de-

veloped based on spatially nearest data, as presented in Figure 
8.29(a). The regression relationship produced R2 = 0.37. Mul-
tiple regression analysis was performed to incorporate the in-
fluence of moisture content in the relationship. The multiple 
regression relationship improved the correlations with R2

adj
 = 

0.54 [Figure 8.29(b)].

8.6.2  establishing mv-Tvs Based on 
laboratory-determined Mr values for  
Specification option 3c

The multiple regression relationship developed from labo-
ratory testing was used to predict M

r
 values for the in situ 

w-γ
d
 point measurements. Since the laboratory relationship 

is valid only for the range of w-γ
d
 of the laboratory samples, 

the spot-test measurements close to the laboratory sample 

Figure 8.29. (a) Simple linear regression relationship between Evib and γd  and (b) multiple regression relationship 
between predicted and measured Evib.
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values were selected. Comparison of predicted M
r
 and E

vib
 for 

the selected data is presented in Figure 8.30(a), which showed 
a good correlation with R2 = 0.52. For illustration purposes, 
a target M

r
 (M

r
-TV) = 50 MPa was selected for establishing 

a roller MV-TV. Using the inverse regression approach and an 
80% prediction interval, a roller MV-TV = 51 MPa was estab-
lished for the M

r
-TV. 

Using the multiple regression relationship developed for 
roller E

vib
, E

vib
 contours are plotted over a moisture–dry unit 

weight plot as presented in Figure 8.30(b) (see Section 6.4.1). 
Because the prediction equations were comprised of only lin-
ear terms, the E

vib
 contours are linear and parallel lines that 

decrease with increasing moisture. To select a target zone of 
acceptance, an area bounded by ±2 percent of w

opt
, 90% satu-

ration curve, and the MV-TV is highlighted in Figure 8.30b. 
For acceptance using Specification Option 3c, the production 
E

vib
 must be above the MV-TV and the QA test locations must 

have moisture contents within the zone of acceptance. 

8.6.3  adjustment of mv-Tvs for moisture 
Content 

Data obtained from the above-described test bed is used 
to demonstrate the approach of adjusting the MV-TVs for 
moisture content. Using the multiple regression relation-
ship developed for roller E

vib
, E

vib
 contours are plotted over a 

moisture–dry unit weight plot as shown in Figure 8.31. The 

highlighted target zone is selected based on w
opt

 ±2% and 
95% standard Proctor γ

dmax
. High (MV-TV

1
) and low (MV-

TV
2
) E

vib
 corresponding to low (w

1
) and high (w

2
) moisture 

contents, respectively, are selected. The equation to calculate 
MV-TV

adj 
is presented in Figure 8.31. This MV-TV adjust-

ment can be used for Specification Options 3a, 3b, and 3c. 
Acceptance is based on QA test locations meeting the MV-
TV

adj
. Areas with E

vib
 > MV-TV

1
 are considered as passed and 

those with E
vib

 < MV-TV
2
 are considered as failed and need 

to be reworked for further QA testing. 

8.7	Conclusions

The following conclusions can be drawn from the case 
studies presented in this chapter:

•	 Specification Option 1 requires minimal changes to typical 
current QA practices. Rather than selecting random points 
for spot-test measurements, QA inspectors use the roller 
MV data map to identify the weakest area(s). Depending 
on the number of weakest areas identified, the frequency 
of spot testing may increase compared to current practice. 
According to Option 1, if the roller-identified weakest 
area(s) meet acceptance, the rest of the Evaluation Section 
passes by association. However, given that testing locations 
are informed rather than random, requiring the weakest 
zones to meet 100% of the preexisting QA-TV may be 

Figure 8.30. Relationship between laboratory (a) Mr and Evib and (b) target zone of acceptance for Option 3c.

Intelligent Soil Compaction Systems

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22922


���

more stringent than current random selection spot test-
ing. Reducing the QA-TV may be more appropriate. In 
addition, an assumption underlying Option 1 is that the 
roller MV and spot-test measurement have an acceptable, 
positive correlation.

•	 Specification Options 2(a, b) and 3(a, b, c) require modi-
fication to current QA practices in that spot-test measure-
ments do not form the basis for QA. Rather, acceptance 
is granted based on roller MVs. In Option 2a, acceptance 
is granted when the percentage change in the mean roller 
MV from pass to pass falls below a preset threshold. In the 
case studies presented here, Option 2a appeared to be less 
stringent than current practice, and it may be desirable to 
implement it in conjunction with Option 1 to improve 
reliability.

•	 Specification Option 2b uses the percentage change in spa-
tial roller MV data as the basis for QA. One challenge asso-
ciated with Option 2b is that the method of transforming 
roller MV data onto a fixed grid to allow spatial compari-
son is not trivial and reliable; proven methods do not yet 
exist. Based on the case studies here, Option 2b appears to 
be more stringent that current QA practices.

•	 One major challenge to successfully implementing Speci-
fication Option 3(a, b, c) is ensuring that the Calibration 
Area is representative of the Evaluation Section. Although 
using a roller MV data map of the Evaluation Section can 

aid in selecting an appropriate Calibration Area, this can be 
logistically challenging on a busy job site. 

•	 Option 3(a, b, c) requires a significant initial investment 
of time and careful, detailed analysis. This analysis is more 
complex than that currently required for QA purposes, 
and it is easy to make errors. Accordingly, QA inspectors 
will need careful training to ensure they are familiar with 
both the roller MV systems and the analysis required for 
the various options.

•	 Construction traffic poses a challenge to implanting CCC-
based QA. All of the options require careful, repeatable roll-
ing patterns. However, construction traffic—particularly 
haul trucks moving through the earthwork area—often 
forces less than ideal roller pass patterns. Truck traffic often 
makes it difficult to create uninterrupted and repeatable 
Evaluation Area roller MV maps.

•	 Developing the required correlations (e.g., for Option 
3a) necessitates that haul trucks remain outside the Cali-
bration Area once material has been placed and spot-
test measurements are being performed. However, it is 
common for contractors to utilize haul truck traffic to 
 compact soil, and therefore truck drivers are accustomed 
to driving through an earthwork area. Similarly, it is not 
uncommon for haul trucks to enter the Evaluation Section 
in reverse, deposit their material, and then drive forward 
out of the area (see Figure 8.28). This often forces less 

Figure 8.31. Moisture correction for Evib target values.
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than ideal Rolling Patterns and creates hazardous condi-
tions for personnel performing spot-test measurements. 
Performing correlation studies in a designated full-width 
Calibration Area requires a change in how the earthwork 
contractor places material. To perform repeatable Mea-
surement Passes in the Evaluation Section, the research 
team had to wait for the earthwork contractor to com-
pletely finish hauling and placing a section. In typical 
production compaction practice, roller compactors are 
used throughout the hauling, placing, and grading op-

eration. Careful planning and cooperation between the 
contractor and QA agents is critical for successful imple-
mentation of CCC-based QA.

•	 The pace of the production earthwork placement and com-
paction frequently limited the time the research team was 
able to spend in the Calibration Area. Including the time 
needed to construct the Calibration Area, the correlations 
were developed in approximately 3 to 4 hours, although a 
time frame of 1 to 2 hours or less would be more consistent 
with production schedules.
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9.1	Overview

NCHRP Project 21-09, “Intelligent Soil Compaction Sys-
tems,” involved extensive field testing and analysis to better 
understand roller-integrated CCC and IC and to develop 
recommended specifications for the use of roller-integrated 
CCC in QA of soil and aggregate base material compaction. 
The quality of constructed earthwork materials is clearly 
critical to the performance of pavements. Roller-integrated 
measurement of soil properties holds significant promise 
in that it provides an effective tool to assess the quality of 
earthwork construction. The full or complete coverage capa-
bility of roller-integrated CCC is a significant improvement 
over current spot-test-based QA. The use of roller-integrated 
CCC enables state departments of transportation (DOTs) to 
enforce high expectations for earthwork quality. The success-
ful implementation of roller-integrated CCC for earthwork 
QA will require high expectations as well as coordination and 
buy-in from DOTs and contractors. QA personnel and con-
tractors will need proper training on the capabilities and use 
of roller-integrated CCC. 

Intelligent compaction, currently implemented using au-
tomatic feedback control of vibration amplitude and some-
times frequency, is in its infancy and will likely evolve to 
incorporate numerous ways in which the process of compac-
tion is improved and made more efficient. The capabilities 
and user-friendliness of onboard PCs and software will also 
likely improve significantly. Finally, the measurement sys-
tems, currently limited by the influence of operating param-
eters, local heterogeneity, and measurement depths that far 
exceed lift thickness, will continue to evolve to account for 
these factors.

True performance-based assessment of earthwork materi-
als using roller-integrated CCC is within reach. The results 
presented here illustrate reasonably complex but determin-
istic soil behavior within the measurement volume of a vi-

brating roller. With further research, instrumented rollers 
will likely become capable of measuring the requisite layered 
earthwork properties to predict performance of pavement 
systems. The specific findings and conclusions from this 
study are summarized below in sections consistent with the 
presentation of the report. 

9.2	 	Review	of	Literature	and	
European	CCC	Specifications

Roller-integrated CCC has been used in European practice 
since the late 1970s, whereas IC technology has been available 
commercially only since the late 1990s. The initial research on 
roller-integrated measurement dates to the 1970s in Sweden 
with the development of the CMV by Geodynamik. Roller 
MVs have evolved over the past 30 years within the roller 
manufacturing community. There are currently a handful of 
proprietary vibration-based MVs in the market. When Geo-
dynamik first introduced the compaction meter and CMV, 
vibration was implemented mechanically via a two-piece ec-
centric mass assembly (clamshell) within the drum. If rotated 
in one direction, the two eccentric masses would join together 
and provide maximum eccentric force or theoretical ampli-
tude A. If operated in the reverse rotational direction, A would 
be a minimum. Automatic feedback control–based IC was 
made possible by the introduction of new drum technology 
in the 1990s. Bomag introduced the Variocontrol roller with 
counterrotating eccentric masses and servo-hydraulic control 
of the vertical component of eccentric force. Similarly, Am-
mann introduced the ACE roller with servo-hydraulic two-
piece eccentric mass moment control and frequency control. 
Other manufacturers have followed suit. The integration of 
GPS-based positioning with roller-based measurement of 
soil properties, and the incorporation of user-friendly por-
table PCs with graphical software, has evolved over the past 
5 to 10 years.

c h a p t e r  9

Conclusions
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A considerable body of literature exists pertaining to 
roller vibration, roller-integrated measurement systems, 
roller modeling, and correlation of roller MVs to spot-test 
measurements. The modeling of vibratory roller-soil inter-
action has evolved with experimental studies of roller be-
havior. The initial assumptions about continuous drum/soil 
contact in the 1970s and 1980s gave way to experimental 
observation and lumped parameter modeling of partial loss 
of contact, chaotic drum jumping, and rocking mode in the 
1990s and 2000s. Both experimental correlation studies and 
numerical investigations have shown that vibration-based 
roller MVs all track increases in soil stiffness/modulus ef-
fectively with the exception of CMV and CCV below values 
of approximately 8 to 10. Based on limited studies found 
in the literature, the measurement depth of roller MVs was 
found to vary from 0.6 to 1.0 m deep for 10-ton vibratory 
rollers to 0.8 to 1.5 m for 12- to 17-ton vibratory rollers. A 
commonly observed rule of thumb in the compaction com-
munity is that each 0.1 mm of amplitude A corresponds to 
0.1 m of measurement depth. Owing to this measurement 
depth, a number of experimental studies have shown that 
roller MVs reflect the properties of both the compaction 
lift material and the sublift material. A number of studies 
have successfully correlated roller MVs to spot-test mea-
surements. Given that roller vibration-based MVs reflect 
soil stiffness, roller MVs correlate well with PLT and LWD 
moduli. Successful correlations have been found between 
roller MVs and dry density. 

Specifications for QA of earthwork compaction using 
roller-integrated CCC were first introduced in Austria 
(1990), Germany (1994), and Sweden (1994). Revisions to 
these original specifications have been made in each country. 
The International Society of Soil Mechanics and Geotech-
nical Engineering (ISSMGE) recently adopted the Austrian 
specifications for CCC. The Austrian/ISSMGE and German 
specifications each permit multiple options for using CCC 
in earthwork compaction QA. The most common and sim-
plest approach (and the only approach permitted in Sweden) 
uses CCC to identify weak areas for evaluation via static PLT, 
LWD, or density spot testing. Acceptance is based on these 
weak areas meeting prerequisite PLT modulus, LWD modu-
lus, or density requirements. The most advanced CCC-based 
QA specifications involve correlating roller MVs to PLT 
modulus, LWD modulus, or density in a defined calibration 
area. If a suitable correlation is found, a target roller MV is 
determined from the MV versus spot-test regression equa-
tion. Acceptance is based on comparison of roller MV data 
collected in a production area to the target roller MV. Based 
on a survey of European practice, the calibration approach is 
challenging to implement and requires a high level of on-site 
knowledge.  

9.3	 	Fundamentals	of	Roller-Based	
Measurement	Systems	

A detailed investigation of numerous roller-based mea-
surement systems was conducted to characterize the ground 
surface area represented by single-roller MVs, the spatial 
resolution in roller MV records, and uncertainty in roller 
MVs. Independent evaluation was performed to reproduce 
and validate numerous roller MVs using independent instru-
mentation. Extensive testing was performed to characterize 
the influence of roller operational parameters—namely, ec-
centric force amplitude, vibration frequency, roller speed, 
and forward versus reverse driving mode—on roller MVs. 
The objectives of these studies were to improve fundamental 
understanding of roller-based measurement systems and to 
provide guidance for roller-integrated CCC specifications.  

Each vibration-based roller MV investigated—Ammann 
and Case/Ammann k

s
, Bomag E

vib
, Dynapac CMV

D
, and Sakai 

CCV—provides a measure for an area of soil the width of the 
roller (2.1 m) by a spatial distance in the direction of travel 
that varies across MVs (0.06 to 1.0 m was observed). The re-
porting resolution of roller MVs varied from 0.2 to 1.0 m. To 
ensure full coverage with roller-integrated CCC, the spatial 
distance over which a single-roller MV is reported should 
equal the reporting resolution. The reporting spatial resolu-
tion should be no less than 10 times the GPS accuracy. Real-
time kinematic (RTK) differential GPS (accuracy ~1 to 2 cm) 
is recommended for use with CCC and IC rollers. Assuming 
RTK accuracy, the spatial resolution of roller MVs should be 
no less than 0.25 m. The GPS-based position reporting of 
roller MVs exhibited errors of 0.4 to 1.5 m for the rollers and 
measurement systems investigated. This error was due to av-
eraging of roller vibration data within each reported roller 
MV and to latency in onboard computation. A position-
reporting procedure was developed and is recommended for 
roller-integrated CCC specifications (see Chapter 7). 

A series of tests were performed with all rollers and roller 
MVs to characterize the uncertainty with which single-roller 
MVs should be reported. Repeatability testing of properly 
working CCC/IC rollers and roller measurement systems 
often revealed an uncertainty of ±10% (one standard devia-
tion); that is, a repeated pass over the same area will yield in-
dividual roller MVs within ±10% of MVs from the previous 
pass. Repeatability testing plays an important role in verify-
ing the proper working condition of a vibratory roller and/or 
roller measurement system. A repeatability testing procedure 
was successful in identifying when a roller or roller measure-
ment system was faulty. Repeatability testing of pad foot mea-
surement systems revealed single MV uncertainties of ±50% 
to 100%. A repeatability testing procedure was developed for 
CCC specifications and is further described in Chapter 7. 
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Roller MV uncertainty will influence the establishment of 
QA criteria for spatial differences in pass-to-pass roller MVs 
as described in Chapter 7.

Roller-integrated measurement of soil stiffness is not cur-
rently standardized (i.e., magnitude and rate of loading, etc.). 
With CCC and IC rollers, measurement occurs during roller 
operation, and roller operation parameters can vary consid-
erably. Field testing was performed to characterize the influ-
ence of various operational parameters on roller MVs and 
to determine if these influences are predictable and there-
fore could be accounted for. Field testing revealed that the 
influence of the magnitude of eccentric force (or theoretical 
drum vibration amplitude A) on roller MVs varies widely. 
From low to high A vibration on the same material, roller 
MVs were found to change by as much as 100%. The ampli-
tude dependence of roller MVs was not determinate and not 
predictable. Roller MVs were found to increase, decrease, or 
remain the same with increasing A depending on the soil and 
layering conditions. The mechanics-based understanding of 
this is discussed in Section 9.4. Due to the unpredictability in 
A dependence, a fixed-vibration amplitude is recommended 
for roller-integrated CCC. 

Evaluation of travel speed dependence on roller MVs pro-
duced mixed results. CCV and CMV

D
 were found to decrease 

noticeably with an increase in roller speed. The influence of 
roller speed on E

vib
 was inconclusive within the uncertainty 

of the measurement approach and the limited data collected. 
Roller MVs were found to be mildly dependent on forward- 
versus reverse-driving modes. Roller MVs differed by 2% to 
13% in forward- versus reverse-driving mode. Given that 
typical compaction work involves forward- and reverse-
driving sequences, there is considerable benefit to employ-
ing roller MVs in both forward and reverse modes. Forward 
and reverse mode measurement can be considered; however, 
site-specific calibration is required to characterize and verify 
the relationship between forward-measuring and reverse-
measuring roller MVs. 

The vibration-based roller MVs investigated—Ammann 
and Case/Ammann k

s
, Bomag E

vib
, Dynapac CMV

D
, and Sakai 

CCV—correlate well with each other over the range of soft 
to stiff soil conditions investigated in this study. CCV and 
CMV were relatively insensitive to changes in soil stiffness 
below values of about 8 to 10, consistent with findings in the 
literature (see Chapter 2). Many of the roller MVs employed 
by manufacturers were validated using independent instru-
mentation and implementation of published roller MV al-
gorithms. This dispels the “black box” mentality that would 
inhibit implementation within the engineering community. 

Local soil heterogeneity perpendicular to the direction of 
roller travel has a significant influence on roller MVs. Due 
to the nature of drum instrumentation, roller MVs are di-
rectionally dependent on heterogeneous soil. Bidirectional 

roller MVs were found to vary by 100% due to transverse 
soil stiffness variability. This was confirmed by LWD test-
ing across the drum lanes. As a result, spot testing should be 
conducted across the drum lane when correlating to roller 
MVs, and great care should be used when performing spatial 
statistical analysis of pass-to-pass data maps in the presence 
of heterogeneity.

9.4	 	Relationship	Between	Roller-
Measured	Stiffness	and	
In-Ground	Response

To better characterize what roller MVs reflect and to build 
a framework for performance-based assessment of earth-
work properties using roller-based measurements, a series of 
test beds were constructed with in-ground instrumentation 
to capture in situ stress-strain-modulus behavior. Numer-
ous vertically homogeneous embankments and layered sub-
grade, subbase, and base test beds were instrumented with 
stress and strain sensors at multiple levels to capture in situ 
behavior during static and vibratory roller passes. This as-
pect of the study sought to explain, from a mechanics-based 
perspective, the vibration amplitude dependence of roller 
MVs, characterize measurement depth of the instrumented 
roller, and determine how current roller MVs are related to 
in situ soil response in vertically homogeneous and layered 
structures. 

Roller MVs measure to depths considerably greater than 
typical compaction lifts. For the vertically homogeneous em-
bankment conditions and the 11- to 15-ton smooth drum vi-
bratory rollers used in this study, the volume of soil reflected 
in a roller MV is cylindrically shaped, extending to 0.8 to 1.2 
m deep and 0.2 to 0.3 m in front of and behind the drum. 
Drum/soil contact widths range from 0.1 to 0.3 m and de-
crease as soil stiffness increases. For vertically homogeneous 
embankment situations, the measurement depth of roller 
MVs is controlled by the relative decay of roller-induced cy-
clic stress and strain and is reached when values have decayed 
to 10% of their peak. The measurement depth was mildly 
influenced by vibration amplitude; that is, a 0.1-mm increase 
in A yielded about a 3.0-cm increase in measurement depth. 
This is significantly different than the 0.1-mm and 10.0-
cm rule of thumb found in the literature. Roller MVs are a 
composite reflection of typical base, subbase, and subgrade 
structures with surface-to-top-of-subgrade thickness of less 
than approximately 1 m. The contribution of each layer to the 
roller MV is influenced by layer thickness, relative stiffness 
of the layers, vibration amplitude, and drum/soil interaction 
issues (contact area, dynamics). The contribution of sublift 
materials to roller MVs can be significant.

In situ stress-strain-modulus measurements at depths to 
1 m beneath the roller revealed highly nonlinear modulus be-
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havior within the bulb of soil reflected in roller MVs. In base, 
subbase, and subgrade structures, modulus varies widely from 
layer to layer and within layers. Modulus values increased by 
a factor of 2 with depth in vertically homogeneous embank-
ment test beds. In situ modulus is strongly influenced by vi-
bratory loading. A change in vibration amplitude from low to 
high created a twofold change in modulus. Numerical simu-
lation of roller-soil interaction using modulus function pa-
rameters for cohesive and cohesionless soils revealed signifi-
cant variations of the modulus field beneath the roller. Plane 
strain conditions exist under the center of the drum and do 
not exist under the drum edges. As a result, the soil under the 
drum center responds stiffer than the soil under the edge. The 
nonlinear modulus behavior and three-dimensional nature 
of soil behavior beneath the drum must be considered in the 
extraction of performance-related parameters from roller-
based measurements. 

The amplitude (A) dependence of roller MVs—particu-
larly stiffness measures such as E

vib
 and k

s
—is a result of 

stress-dependent soil modulus, layer interaction, and drum/
soil contact mechanics. For vertically homogeneous embank-
ment conditions, the nature of the MV-A dependence (i.e., 
positive, negative, or neutral) depends on the modulus func-
tion parameters of the soil. Granular soils that are governed 
by mean effective stress-induced hardening may generally ex-
hibit a positive roller MV-A dependence (i.e., an increase in 
A yields an increase in roller MV). Conversely, cohesive soils 
governed by shear stress–induced softening may generally 
exhibit a negative roller MV-A dependence (i.e., an increase 
in A yields a decrease in roller MV). The roller MV-A de-
pendence of layered structures is more complex and is influ-
enced by stress-dependent soil modulus (modulus function 
parameters), layer thickness, relative stiffness of layers, and 
drum/soil interaction issues. Both positive and negative roller 
MV-A dependence is possible, even within the same material. 
The roller MV-A relationship is site dependent and cannot be 
predicted a priori. 

Roller MVs were found to be insensitive to the compaction 
of thin lifts [e.g., 15 cm (6 in)] of stiff base material placed 
directly over a soft subsurface. Roller MVs were sensitive to 
compaction of 30-cm lifts of the same stiff material over soft 
subgrade. The sensitivity of roller MVs to compaction of thin 
lifts improves as the modulus ratio of the overlying to under-
lying layers decreases, and roller MVs were sensitive to com-
paction of 15-cm lifts of base material placed atop similar 
base material. These results imply that CCC-based QA of thin 
base layers atop softer subgrade may be unreliable.

Levels of vibratory roller-induced deviator stress were 
found to be considerably greater than those used in labora-
tory M

r
 testing, whereas levels of confining stress were con-

siderably less. Even during low excitation force associated 
with finishing passes and proof rolling of compacted soil, es-

timated deviator stresses q from z = 0 to 0.5 m (0 to 1.6 ft) in 
clayey sand were up to three times greater than the maximum 
q values used for laboratory M

r
 testing of subgrade soils. Sim-

ilarly, estimated q values in crushed-rock base course were up 
to 2.5 times greater than the maximum q used for laboratory 
M

r
 testing of base materials. For z > 0.5 m, field and maxi-

mum laboratory q values were reasonably similar. Conversely, 
values of p observed in the field were approximately 0.3 to 0.5 
of those used during laboratory M

r
 testing. 

The extraction of mechanistic material parameters using 
roller-based measurements for performance-based specifi-
cations consistent with mechanistic-empirical-based design 
(e.g., AASHTO 2007 Pavement Design Guide) is possible but 
challenging. The extraction of appropriate parameters must 
account for the three-dimensional nature of the roller/soil 
interaction, the influence of layers, the nonlinear modulus 
of each involved material, and the dynamics of the drum/soil 
interaction. 

9.5	 	Evaluation	of	Automatic	
Feedback	Control–Based	
Intelligent	Compaction

Current technology for IC involves sensing via measure-
ment of vibration-based parameters and adapting via AFC 
of excitation force amplitude (Ammann, Bomag, Case/Am-
mann, Dynapac) and in some cases excitation frequency 
(Ammann, Case/Ammann). At a minimum level, each man-
ufacturer controls the vertical excitation force amplitude to 
prevent unstable “jump” mode vibration of the roller (see 
Section 2.1.2). When the measurement system senses jump 
mode, the vertical excitation amplitude is decreased until the 
measurement system indicates stable vibration. Jump mode 
may persist even at the lowest vibration amplitude setting. 
This level of AFC is aimed at protecting the roller from ac-
celerated wear and the operator from chaotic response of the 
roller. Bomag, Ammann, and Case/Ammann use additional 
AFC in an attempt to improve compaction and uniformity. 
Bomag controls the vertical excitation amplitude based on 
the relationship of the current roller MV to a limit MV. The 
vertical excitation is maximized within one of five levels cho-
sen by the operator and is decreased if MV is greater than or 
equal to the limit MV. Ammann and Case/Ammann control 
the excitation amplitude and frequency to maintain one of 
three levels of force transmitted to the soil. 

The principles of AFC-based IC were investigated using the 
Bomag Variocontrol and Ammann ACE systems. Repeated 
passes were performed with both IC rollers over mixed mate-
rial test beds exhibiting significant longitudinal variability in 
ground stiffness (soft to stiff). Both constant amplitude mode 
and AFC mode were used for comparison. A comparison of 
low- and high-amplitude constant amplitude passes revealed 
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areas of positive MV-A dependence (MVs increased with in-
creasing A) and negative MV-A dependence (MVs decreased 
with increasing A). The dependence of roller MVs on A can 
provide a misleading record of soil stiffness when operating 
in AFC mode. The positive and negative MV-A dependence 
was observed during testing and resulted in an artificial and 
misleading level of variability in recorded soil stiffness. In ad-
dition, the roller MV-A dependence can falsely trigger AFC 
changes in A. This is particularly problematic when roller 
MVs hover around a target or limit MV. The response dis-
tance of AFC tested was found to be approximately 1 m (3 ft), 
indicating that rollers in AFC mode can respond to relatively 
local changes in soil conditions.

The influence of AFC-based IC on compaction efficiency 
and uniformity was investigated on granular base material. 
Two granular base test beds were prepared side by side and 
compacted with a Bomag Variocontrol system in AFC and 
constant amplitude modes, respectively. Spot-test measure-
ments were obtained at several intermediate compaction 
passes to assess compaction efficiency and uniformity. Com-
paction curves built from spot-test measurement averages 
revealed similar trends in both test beds with no noticeable 
difference. The COVs of spot-test measurements were similar 
after pass 8 for the two test beds, indicating no discernable 
difference in uniformity. A comparison of COVs from roller 
MVs recorded during constant amplitude final passes on each 
test bed showed no difference in uniformity. AFC-based IC 
did not produce greater compaction or improved uniformity 
compared to constant amplitude mode compaction for these 
test bed conditions. 

9.6	 	Relationship	Between	Roller	
Measurement	Values	and	
Spot-Test	Measurements	

Implementation of roller-integrated CCC into earthwork 
specifications requires an understanding of relationships 
between roller MVs and spot-test measurements. A compre-
hensive evaluation of five roller-integrated MVs (i.e., MDP, 
CMV

D
, E

vib
, k

s
, CCV) and 17 different soils was performed. 

The soils are grouped into three material groups: nongranu-
lar subgrade, granular subgrade, and granular subbase/base 
materials. Roller MVs were obtained from smooth drum and 
pad foot drum rollers on 60 controlled test beds. The test beds 
varied in material types, moisture content, and underlying 
layer support conditions. Roller MVs were obtained for dif-
ferent amplitude, frequency, and speed settings. A variety 
of conventional and mechanistic related in situ test mea-
surements [i.e., dry unit weight, CBR, LWD modulus, PLT 
modulus] and laboratory M

r
 test measurements were used 

in correlation analyses to MVs. The objectives were to (1) in-
vestigate simple linear relationships between roller MVs and 

various in situ point measurements, (2) identify key factors 
that influence these relationships, and (3) evaluate multiple 
regression relationships that consider variations in soil con-
ditions and machine operation settings. 

The results indicated that correlations are possible to dry 
unit weight, modulus, and CBR with simple linear regres-
sion analysis on test beds with homogeneous and relatively 
stiff underlying layer support conditions and MVs obtained 
under constant operation settings. A summary of typical 
ranges of R2 values for modulus, CBR, and dry unit weight 
measurements for the three referenced material groups is 
provided in Table 9.1. The wide range in resulting R2 values is 
attributed to various factors, including sublift heterogeneity, 
moisture content variation, narrow range of measurements, 
transverse heterogeneity, and variation in machine operat-
ing parameters. High variability in soil properties across the 
drum width and soil moisture content contributes to scatter 
in relationships. Averaging measurements across the drum 
width and incorporating moisture content into multiple re-
gression analysis, when statistically significant, can help miti-
gate the scatter to some extent. Relatively constant machine 
operation settings are critical for calibration strips (i.e., con-
stant amplitude, frequency, and speed), and correlations are 
generally better for low-amplitude settings [e.g., 0.7 to 1.1 
mm (0.028 to 0.043 in)]. 

The influence of some of these factors (i.e., soil moisture 
content, compaction layer lift thickness, underlying layer 
properties, and machine operation settings) was statistically 
analyzed using multiple regression analysis. A summary of 
typical ranges of R2

adj
 (adjusted for the number of model 

parameters) values for modulus, CBR, and dry unit weight 
measurements for the three referenced material groups from 
multiple regression analysis is provided in Table 9.2. Where 
heterogeneous conditions were evident below the compac-
tion layer, the underlying layer properties (MVs and spot-test 
measurements) were often found to be statistically significant 
in the multiple regression model. Regression relationships 
improved by incorporating the underlying layer properties. 
Where compaction layer properties were strongly correlated 
with the underlying layer properties, the compaction layer 

table 9.1. typical range of R2 values for simple  linear 
regression analysis.

Material Modulus CBR γ
d

Nongranular 
subgrade

0.1−0.7 0.1−0.7 0.0−0.6

Granular 
subgrade

0.3−0.7 0.0−0.4 0.1−0.5

Granular 
subbase/base

0.2−0.8 0.0−0.6 0.0−0.5
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point measurements were not statistically significant in the 
analysis. 

Moisture content was found to be significant for two 
nongranular subgrade layer test beds and one granular base 
layer test bed. Generally, moisture content was not statisti-
cally significant in the regression analysis for most of the test 
bed studies. Factors contributing to this observation are (1) 
moisture content did not vary enough over the length of the 
test strip; (2) spot-test measurements typically only measure 
moisture content to about 75 mm (3 in) below the surface, 
while the measurement depth of the roller is much greater; 
and (3) when correlating with elastic modulus-based spot-
test measurements using multiple regression analysis, mois-
ture content is co-linear (i.e., highly correlated to in situ mea-
surement). Amplitude variation was statistically significant 
for all cases where minimum amplitude variation of ±0.30 
mm was present in the data. 

An approach to empirically relate laboratory-determined 
M

r
 for a selected stress condition and roller MVs was pre-

sented. The M
r
 values were predicted for in situ w-γ

d
 mea-

surements using a w-γ
d
-M

r 
relationship developed from 

laboratory testing. Similar to other in situ point measure-
ments, the relationships were possible for compaction layer 
material underlain by homogeneous and relatively stiff sup-
port conditions. Heterogeneous supporting layer conditions 
affected these relationships, and the relationships improved 
by including parameter values that represent the underlying 
layer conditions through multiple regression analysis.

9.7	 	Recommended	Specification	
Options	for	Earthwork	
Compaction	QA	Using	Roller-
Integrated	Continuous	
Compaction	Control

Based on a thorough critique of European specifications 
and practice, a review of previous research, and the findings 
from the research conducted for this project, recommended 

specification options for QA of subgrade, subbase, and aggre-
gate base course compaction using roller-integrated continu-
ous CCC were developed. Six viable QA options are proposed 
to accommodate the diverse site conditions and agency needs 
observed across the United States. Many of the recommended 
options were inspired by current European specifications 
(summarized in Chapter 2). Additional recommended op-
tions stem from the research findings presented in this report. 
The six recommended QA specification options are summa-
rized in Table 9.3 and Figure 9.1. Options are numbered 1, 
2a, 2b, 3a, 3b, and 3c and are distinguished by three principal 
categories. In Option 1, CCC is used to assist in QA, but ac-
ceptance is based on spot-test measurements. Acceptance of 
Options 2a and 2b is based on roller MVs, but initial calibra-
tion of roller MV to spot-test measurements is not required. 
Acceptance of Options 3a, 3b, and 3c is based on achieving a 
MV-TV determined via various initial calibration techniques. 
Method-based approaches, such as using GPS positioning and 
documentation to record the pass sequence, are also viable ap-
proaches. Because they do not utilize roller MVs, their imple-
mentation is straightforward and not presented here. None 
of the recommended options constitute performance-based 
specifications. Further research is required to implement, for 
example, the findings from Chapter 4 into viable performance-
based specifications that can be implemented in practice. 

The recommended specification options prohibit the use 
of automatic feedback control IC during QA due to the in-
fluence that roller operating parameters have on roller MVs. 
Automatic feedback control IC may be used during compac-
tion operations. The proposed specification is applicable to 
cohesive and cohesionless soils and aggregate base materials. 
However, as shown in this study, current roller MVs are less 
reliable on cohesive soils, and particular attention must be 
given to soil moisture content. Vibratory and nonvibratory-
based roller MVs that can be correlated to soil properties 
(e.g., density, stiffness, shear strength) are permitted. Each of 
the recommended specification options can be adopted as the 
sole method for QA. Alternatively, two or more options can 
be combined to increase reliability. Uniformity criteria can be 
added to any of these options.

A number of important issues regarding roller-integrated 
CCC specifications are detailed in Chapter 7 and are worth 
highlighting here. The implementation of roller-integrated 
CCC for earthwork QA requires knowledgeable field person-
nel. QA personnel must be familiar with the aspects of CCC 
and IC described in this report and with the CCC and IC 
equipment on the job site. The specifications require close 
collaboration between the QA personnel and the contractor 
(i.e., roller operator). To this end, roller operators must un-
derstand the various aspects of measurement passes, roller 
operating parameters, driving patterns, and so forth, as well 
as the documentation systems of CCC/IC rollers. 

table 9.2. typical range of R2
adj values for  multiple 

linear regression analysis

Material γ
d

Modulus CBR

Nongranular 
subgrade

0.6–0.8 0.2–0.6 0.3–0.7

Granular 
subgrade

— 0.5–0.7 —

Granular 
subbase/base

0.4–0.8 0.6–0.9 0.4–0.8
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Acceptance testing for all specification options is per-
formed on evaluation sections. Proper selection of evalua-
tion sections that exhibit consistently distributed heterogene-
ity (or homogeneity) in both the longitudinal and transverse 
directions is critical to successful implementation of CCC 
specifications. Because roller MVs reflect both the compac-
tion lift and sublift properties, it is also critical that the se-
lected calibration area (for Option 3) exhibit the same degree 
of heterogeneity as the evaluation section.  

Instrumented rollers used for CCC-based QA must meet 
minimum performance criteria. The documentation sys-
tem must display and record roller MVs and their three-
dimensional GPS position, vibration amplitude and fre-
quency, and travel speed. Data must be easily accessible via 
the onboard computer and easily exportable for postprocess-
ing and record keeping. Onboard computers should perform 
basic statistical analyses of roller MV data and operational pa-
rameters. The instrumented roller must demonstrate a mini-
mum level of repeatability and reporting position accuracy. 

9.8	 	Implementation	of	Specification	
Options:	Case	Studies

 The recommended specification options were imple-
mented during field testing in Colorado, Florida, North Car-
olina, and Minnesota. The case studies presented included 
compaction and roller-integrated CCC QA of granular sub-
grade, nongranular subgrade, granular subbase, and aggre-
gate base material. Multiple specification options were inves-
tigated as part of each case study, thus enabling the direct 

comparison of option strengths and limitations. Compac-
tion QA acceptance testing was conducted by the project QA 
personnel using criteria based on dry density requirements 
(γ

d
-TV), moisture requirements (w-TV), and/or static proof 

rolling. For some case studies, comparisons with existing QA 
approaches were made. 

Implementation of the recommended specifications al-
lowed a direct comparison of roller-based CCC options with 
each other and with existing (i.e., random spot-test driven) 
QA practice. Specification Option 1 requires minimal changes 
to typical existing QA practices. Rather than selecting random 
points for spot testing, QA inspectors use the roller MV data 
map to identify the weakest area(s). Depending on the num-
ber of weakest areas identified, the frequency of spot testing 
may be increased compared to current practice. According 
to Option 1, if the roller-identified weakest area(s) meet ac-
ceptance, the rest of the evaluation section meets acceptance. 
However, given that testing locations are informed rather 
than random, requiring the weakest zones to meet 100% of 
the preexisting QA-TV may be more stringent than current 
random selection spot testing. Reducing the QA-TV may be 
more appropriate.

Specification Options 2(a, b) and 3(a, b, c) require modifi-
cation to current QA practices in that spot-test measurements 
do not form the basis for QA. Rather, acceptance is granted 
based on roller MVs. In Option 2a, acceptance is granted when 
the percentage change in the mean roller MV from pass to pass 
falls below a preset threshold. In the case studies presented, 
Option 2a appeared to be less stringent than current practice. 
It may be desirable to implement Option 2a in conjunction 

table 9.3. Summary of roller-integrated CCC specification options.

Roller-Integrated CCC QA Option Target Measurement Value  (MV-TV) Acceptance Criteria

Option 1: Spot testing
of roller-informed
weakest area(s)

Not required Spot-test measurements in roller-identified 
weakest area(s) satisfy contract spot-test 
measurement requirements (QA-TV)

Option 2a: Monitoring percentage  
change in mean MV

Not required Achieving ≤	5% change in mean MV between 
consecutive roller passes

Option 2b: Monitoring spatial  
percentage change (%∆) in MVs

Not required Achieving the %∆-TV between consecutive 
passes over a defined percentage of an evaluation 
section

Option 3a: Empirically relating MVs to 
spot-test measurements

Based on correlation of MV to spot-test 
measurement: MV-TV = MV corresponding to 
contract QA-TV a

Achieving MV-TV over a set percentage of an 
evaluation section

Option 3b: Compaction curve based on MVs MV-TV = mean MV when the increase in pass-
to-pass mean MV in a calibration area ≤5%

Option 3c: Empirically relating MVs to lab- 
determined properties
(e.g., M

r
)

Based on correlation of MV to lab soil property: 
MV-TV = MV corresponding to contract 
QA-TVb

a Assumption is that QA-TV is spot-test-based measurement of density, modulus, etc.
b For example, a QA-TV based on M

r
.
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Figure 9.1. Summary of roller-integrated CCC specification options.
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with Option 1 to improve reliability. Similarly, specification 
Option 2b uses the percentage change in spatial roller MV 
data as the basis for QA. One challenge associated with Op-
tion 2b is that the method of transforming roller MV data 
onto a fixed grid to allow spatial comparison is not trivial and 
reliable, and practical methods do not yet exist.

One major challenge to successfully implementing Specifi-
cation Option 3(a, b, or c) is ensuring that the calibration area 
is representative of the evaluation section. Although using a 
roller MV data map of the evaluation section can aid in se-
lecting an appropriate calibration area, this can be logistically 
challenging on a busy job site. Option 3(a, b, and c) requires 
a significant initial investment of time and careful, detailed 
analysis. This analysis is more complex than that currently 
required for QA, and it is easy to make errors. Accordingly, 
QA inspectors will need careful training to ensure that they 
are familiar with both the roller MV systems and the analysis 
required for the various options.

Construction traffic poses a challenge to implementing 
CCC-based QA. All of the options require careful, repeat-
able rolling patterns. Construction traffic, particularly haul 
trucks moving through the earthwork area, forced less than 
ideal roller pass patterns. Truck traffic often made it diffi-
cult to create uninterrupted and repeatable evaluation sec-
tion roller MV maps. Developing the required correlations 
requires that haul trucks remain outside the calibration area 

once material has been placed and spot-test measurements 
are being performed. However, it is common for contractors 
to utilize haul truck traffic to compact soil. Similarly, it is not 
uncommon for haul trucks to enter the evaluation section in 
reverse, deposit their material, and then drive forward out of 
the area. This forces less than ideal roller pass patterns and 
creates hazardous conditions for personnel performing spot-
test measurements. 

Performing correlation studies in a designated full-width 
calibration area requires a change in how the earthwork con-
tractor places material. To perform repeatable measurement 
passes in the evaluation section, the research team had to 
wait for the earthwork contractor to completely finish haul-
ing and placing material in a section. The pace of the pro-
duction earthwork placement and compaction frequently 
limited the time the research team was able to spend in the 
calibration area. Including the time needed to construct the 
calibration area, the correlations were developed in approxi-
mately 3 to 4 hours, although a time frame of 1 to 2 hours 
or less would be more consistent with production schedules. 
In typical production compaction practice, roller compac-
tors are used throughout the hauling, placing, and grading 
operation. Careful planning and cooperation between the 
contractor and QA personnel, together with modifications in 
work flow, are critical for successful implementation of CCC-
based QA. 
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Abbreviations	and	Acronyms

AASHTO American Association of State Highway and 
Transportation Officials

ACE Ammann Compaction Expert
AFC Automatic Feedback Control
ASTM American Society for Testing and Materials
BCM Bomag Compaction Meter
BV Bouncing Value 
CBR California Bearing Ratio
CCC Continuous Compaction Control
CCV Continuous Compaction Value (reported by 

Sakai)
CIV Clegg Impact Value
CMV Compaction Meter Value
CO Colorado
COV Coefficient of Variation
CSM Colorado School of Mines
DCA Dynapac Compaction Analyzer
DCO Dynapac Compaction Optimizer
DCP Dynamic Cone Penetrometer
DGPS Differential Global Positioning System
DOT Department of Transportation
E East
EPC Earth Pressure Cell
F Fail 
FL Florida
FWD Falling Weight Deflectometer 
GIS Geographic Information System
GPS Global Positioning System
IC Intelligent Compaction
ISSMGE International Society for Soil Mechanics andInternational Society for Soil Mechanics and 

Geotechnical Engineering
LVDT Linear Voltage Displacement Transducer

glossary

LWD Light Weight Deflectometer
MD Maryland
MDP Machine Drive Power (Caterpillar MV)
M-E Mechanistic-Empirical
MN Minnesota
Mn/DOT Minnesota Department of Transportation 
MV Measurement Value
N North
NC North Carolina
NCHRP National Cooperative Highway Research 

Program
NF North Forward
NMEA National Marine Electronics Association 
P  Pass
PC Personal Computer
PD Pad-foot Drum
PJK A specific GPS data format
PLT Plate Load Test
PR Proof Roll
QA Quality Assurance
QC Quality Control
RMV Resonance Meter Value
RTK Real-Time Kinematic
S South
SD Smooth Drum
SF South Forward
ST Shelby Tube  
TB Test Bed 
TV Target Value
USB Universal Serial Bus
USCS Unified Soil Classification System
W West
WGS World Geodetic System
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Symbols	(English)

a Machine acceleration (used in MDP 
calculation)

A Theoretical vibration amplitude, m
0
e

0
/m

d

A
max

 Maximum eccentric force levels
AΩ Frequency domain amplitude
A

2Ω 2nd harmonic of the vertical drum 
acceleration frequency domain amplitude

b  Drum-soil contact width
b Machine internal loss coefficients used in 

MDP calculation
b Regression coefficient
c Constant used to calculate CMV (usually 

300)
CCV

CSM
 Continuous Compaction Value computed byCompaction Value computed by 

CSM 
CIV

4.5-kg
 Clegg Impact Value using 4.5-kg drop weight

CIV
20-kg

 Clegg Impact Value using 20-kg drop weight
CMV

C
 Compaction Meter Value reported byCompaction Meter Value reported by 

Caterpillar
CMV

D
 Compaction Meter Value reported byCompaction Meter Value reported by 

Dynapac
CMV

CSM 
 Compaction Meter Value computed by CSMCompaction Meter Value computed by CSM

COV Coefficient of variation
E Young’s modulus (E-modulus)
E

FWD
 Modulus from FWD

E
FWD-D3

 Modulus from Dyntest FWD device with 
300-mm plate

E
LWD

 General modulus from LWD
E

LWD-K2
 Modulus from Keros LWD device with 200-

mm plate
E

LWD-K3
 Modulus from Keros LWD device with 300-

mm plate
E

LWD-P3
 Modulus from Prima LWD device with 300-

mm plate
E

LWD-Z2
 Modulus from Zorn LWD device with 200-

mm plate
E

LWD-Z3
 Modulus from Zorn LWD device with 300-

mm plate
E

LWD
-TV LWD modulus target value

E
vib

 Vibration modulus, reported by BomagVibration modulus, reported by Bomag
E

V1
 E-modulus from the first loading loop in the 

static plate load test
E

V2
 E-modulus from the second loading loop in 

the static plate load test
f Roller excitation frequency (Hz)
f Shape factor
F

ecc
 Eccentric force, m

0
e

0
Ω2

F
ev

 Vertical component of F
ecc

f
GPS

 Frequency of GPS data

f
MV  

Frequency of MVs to onboard computer
f
report

 Frequency of reported MVs
F

s
 Force transmitted to soil (also called drum/

soil contact force)
F

s(max)
 Maximum contact force setting

F(t) Centrifugal force
g Acceleration of gravity
H Layer thickness
H

c
 Critical value of layer thickness 

corresponding to the roller measurement 
depth

k
1
-k

3
 Coefficients for stress-dependent soil 

modulus model
k

s
 Soil stiffness reported by Ammann (also 

called k
B
 in European figures and literature)

k
s-CSM

 Soil stiffness calculated from independent 
instrumentation

k
SSG

 Stiffness from soil stiffness gauge
K Coefficient of lateral earth pressure 
M Vertical dynamic deformation modulus
m Machine internal loss coefficients used in 

MDP calculation
m Slope of loading line in p'-q space
MAX-TV Maximum arget value
m

d
 Mass of roller drum

ME Mean MV
ME-TV ME target value
M

e1
 Equivalent to E

V2
 

M
e2

 Equivalent to E
V1

m
f
 Mass of roller frame

MIN-TV Minimum target value
M

L
 Tangent modulus of the loading portion of 

the in situ σ
z
-ε

z
 curve

M
r
 Resilient modulus

M
r
-TV Target M

r

M
S
 Secant modulus from zero in situ σ

z
-ε

z
 

through the point of maximum ε
z

MV
i
 MV for pass i

MV-TV Measurement value target value
m

o
e

o
 Eccentric mass moment

n Number of observations
p  Number of regression parameters
p Mean normal stress
p

a
   Atmospheric pressure

P
a
 Atmospheric pressure

P
g
 Gross power (used in MDP calculation)

q Deviator stress
r Correlation  coefficient
R Drum radius
R EPC stress registration ratio
R2 Correlation coefficient
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R2
adj

 Adjusted R2

RC-TV Relative compaction target value
t

MV
 Time window over which one MV is collected

v Roller speed
V Roller velocity (used in MDP calculation)
VIF Variance inflation factors
W Roller weight (used in MDP calculation)
w Soil moisture content
w

opt
 Optimum moisture content

w-TV Moisture TV
x Position coordinate of moving drum
x

error
 Horizontal position accuracy

x
MV

 Spatial window in x direction over which one 
MV is collected

y Location in y direction
y

MV
 Spatial window in y direction over which one 

MV is collected
z Spatial coordinate (elevation)
z

d
 Vertical drum displacement

z
d

 Vertical drum acceleration
z

d(max)
 Maximum vertical drum displacement 

z
error

 Vertical position accuracy
%∆	 Percentage change
%∆MV

i
 Percentage difference in MV between pass i 

and i-1
%∆-TV Percentage change target value
%Area-TV Percentage area target value

Symbols	(Greek)

α Point measurement value
α	 Vector angle
β Underlying layer roller MV
∆k

s
 Spatial percent change in k

s

∆x Spatial resolution of MVs in x direction
∆y Spatial resolution of MVs in y direction
∆µk

s
 Change in mean k

s

ε
p
 Plastic strain

ε
x
 Normal strain in the x direction

ε
y
 Normal strain in the y direction

ε
z
 Normal strain in the z direction

ε
z,max

 Maximum value ε
z
 profile with depth (at or 

near the surface)
ε

z,peak
 Maximum value of ε

z
 recorded by an in situ 

sensor (when roller is directly over sensor)
φ Phase lag between F

ecc
 and z

d

γ  Lift thickness
γ

d
 Soil dry unit weight

γ
d
-TV Dry unit weight requirement

γ
dmax

 Maximum dry unit weight
γ(h) Semi-variogram function
µ	 Μean value
ν Poisson’s ratio
θ Slope angle (used in MDP calculation)
θ	 Sum of principal stresses, or bulk stress
θ Angle between two eccentric masses
σ	 Standard deviation
σ

1-3
 Principal stresses

σ
c
 Confining stress

σ
d
 Deviator stress

σ
x
 Normal total stress in the x direction

σ
y
 Normal total stress in the y direction

σ
z
 Normal total stress in the z direction

σ
z,peak

 Maximum value of σ
z
 recorded by an in situ 

sensor (when roller is directly over  sensor)
σ

z,max
 Maximum value σ

z
 profile with depth (at or 

near the surface)
σ%∆MV

 Standard deviation of percentage difference
τ

oct
 Octahedral shear stress

Ω	 Roller excitation frequency (rad/s)
µk

s
 Mean k

s

µ
MVi

 Mean MV for pass i 
µ

%∆MV
 Mean of percentage difference

%∆µ
MVi

 Percentage change in the mean MV for pass i
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Appendixes to the contractor’s final report for NCHRP Project 21-09 are not published herein 
but are available on the TRB website at http://www.trb.org/Main/Blurbs/164279.aspx. The 
 appendix titles are the following:

•	 Appendix A: Supplement to Chapter 1
•	 Appendix B: Supplement to Chapter 3
•	 Appendix C: Supplement to Chapter 6
•	 Appendix D: Supplement to Chapter 8

appendixes a through D
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Abbreviations and acronyms used without definitions in TRB publications:

AAAE American Association of Airport Executives
AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ACI–NA Airports Council International–North America
ACRP Airport Cooperative Research Program
ADA Americans with Disabilities Act
APTA American Public Transportation Association
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
ATA Air Transport Association
ATA American Trucking Associations
CTAA Community Transportation Association of America
CTBSSP Commercial Truck and Bus Safety Synthesis Program
DHS Department of Homeland Security
DOE Department of Energy
EPA Environmental Protection Agency
FAA Federal Aviation Administration
FHWA Federal Highway Administration
FMCSA Federal Motor Carrier Safety Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
HMCRP Hazardous Materials Cooperative Research Program
IEEE Institute of Electrical and Electronics Engineers
ISTEA Intermodal Surface Transportation Efficiency Act of 1991
ITE Institute of Transportation Engineers
NASA National Aeronautics and Space Administration
NASAO National Association of State Aviation Officials
NCFRP National Cooperative Freight Research Program
NCHRP National Cooperative Highway Research Program
NHTSA National Highway Traffic Safety Administration
NTSB National Transportation Safety Board
PHMSA Pipeline and Hazardous Materials Safety Administration
RITA Research and Innovative Technology Administration
SAE Society of Automotive Engineers
SAFETEA-LU Safe, Accountable, Flexible, Efficient Transportation Equity Act:

A Legacy for Users (2005)
TCRP Transit Cooperative Research Program
TEA-21 Transportation Equity Act for the 21st Century (1998)
TRB Transportation Research Board
TSA Transportation Security Administration
U.S.DOT United States Department of Transportation
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