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INTRODUCTION 

The Iowa State University (ISU) research team performed field testing on the US219 
project located near Springville, New York from May 17–21, 2009.  Caterpillar and Bomag 
single drum intelligent compaction (IC) rollers were evaluated at this project. The project 
involved constructing and testing calibration and production areas with granular embankment 
subgrade and subbase materials (identified as Type I materials in the project proposal).  An open 
house was conducted near the end of the investigation to disseminate results from current and 
previous IC projects.  The New York department of transportation (DOT), contractor’s 
personnel, and representatives from the IC roller manufacturers participated in the field testing 
phase of the project and the open house.  
 
Vibratory smooth drum rollers were studied on this project. Caterpillar’s CS683 IC roller was 
equipped with machine drive power (MDP) and compaction meter value (CMV) measurement 
systems, and Bomag’s BW213-DH IC roller was equipped with the vibratory modulus (EVIB) 
measurement system along with automatic feedback control (AFC).  Both machines were 
equipped with real time kinematic (RTK) global positioning system (GPS) and proprietary on-
board display and documentation systems.   
 
The goals of this field investigation were similar to previous demonstration projects and included 
the following: 
 

 document the impact of AFC operations on compaction uniformity, 
 document machine vibration amplitude influence on compaction efficiency, 
 evaluate impact of lift thickness on IC measurement values and compaction efficiency, 
 develop correlations between  IC measurement values (IC-MVs) to traditional in-situ test 

measurements, 
 study IC roller measurement influence depth, 
 compare IC results to tradition compaction operations, 
 study IC measurement values in production compaction operations, and 
 evaluate IC measurement values in terms of alternative specification options. 

 
This report presents brief background information for the three IC-MVs evaluated in this study 
(MDP, CMV, and EVIB), documents the results and analysis from the test bed studies, and 
documents the field demonstration activities.  Geostatistical methods were used to quantify and 
characterize spatial non-uniformity of the embankment subgrade and subbase materials using 
spatially referenced IC-MV data.  Regression analysis was performed to evaluate correlations 
between IC-MVs and in-situ soil properties (i.e., moisture-density, modulus, and California 
bearing ratio) determined using point measurements (Point MVs). Density and moisture content 
tests were performed using nuclear gauge devices manufactured by Humboldt and Troxler, and a 
non-nuclear gauge (Soil Density Gauge) manufactured by Transtech. Comparisons between the 
various measurements are documented in this report. Modulus measurements are obtained using 
Zorn light weight deflectometer (LWD)setup with 200 mm and 300 mm diameter plates, Briaud 
compaction device (BCD) setup with 150 mm diameter plate, KUAB falling weight 
deflectometer (FWD) setup with 300 mm diameter plate, and static plate load test (PLT) setup 
with 300 mm diameter plate. Each of these test measurements differ in the way the tests are 
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performed, in applied contact stresses during the test, and in the way load and deflection 
measurements are obtained. Correlations between modulus obtained from these different test 
methods are documented in this report.   
 
Empirical correlations between IC-MVs and in-situ Point-MVs are first evaluated independently 
for each test bed which were obtained over a narrow measurement range and then combined in 
the end to develop site wide correlations capturing a wide measurement range. These results and 
correlations between different in-situ test measurements should be of significant interest to the 
pavement, geotechnical, and construction engineering community and are anticipated to serve as 
a good knowledge base for implementation of IC compaction monitoring technologies and 
various new in-situ testing methods into earthwork construction practice. 
 
Another aspect of this study that should be of interest is the new data documenting performance 
of AFC.  Some of the potential advantages cited in the literature (e.g., Adam and Kopf 2004) for 
using AFC for soil compaction are increased chances of rapid compaction (i.e., less passes) and 
improved uniformity of soil properties, although only limited data has been identified in the 
literature on this subject. For the study described herein, side-by-side test beds were constructed 
and evaluated using manual mode (with different amplitude settings) and AFC mode operations 
to obtain direct comparisons. The results of this evaluate should be of particular interest to 
contractors as it relates to the potential for compaction efficiency. 
 
BACKGROUND 

Caterpillar CS683 and Bomag BW213-DH vibratory smooth drum IC rollers were used 
on the project (Figure 1). A digital display unit employing proprietary software is mounted in the 
roller cabin for on-board visualization of roller position, IC-MVs, coverage information, 
amplitude/frequency settings, speed, etc. Some key features of the rollers are summarized in 
Table 1.  Brief descriptions of the IC-MVs is provided in the following discussion.   

 
 

  

Figure 1. Caterpillar CS683 (left) and Bomag BW213-H (right) vibratory smooth drum IC 
rollers  
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Table 1. Vibratory smooth drum IC roller features  

Feature Caterpillar CS683  Bomag BW 213-DH 

Drum Geometry 2.13 m width and 1.52 m diameter  2.13 m width and 1.50 m diameter 

Frequency ( f ) 30 Hz 28 Hz 

Amplitude (a) 
Settings 

Static, 0.90 mm (low amplitude), and 
1.80 mm (high amplitude) 

0, 0.7, 1.1, 1.7, 2.1 and 2.5 mm  

IC-MV 
MDP40 (shown as CCV in the output) 
and CMV 

EVIB (MPa) 

Display Software AccuGrade  BCM05 

GPS coordinates UTM Zone 15N (NAD83) UTM Zone 15N (NAD83) 

Output 
Documentation 

Date/Time, Location 
(Northing/Easting/Elevation of left 
and right ends of the roller drum), 
Speed, CCV, CMV, RMV, 
Frequency, Amplitude, Direction 
(forward/backward), Vibration 
(On/Off) 

Date/Time, Location 
(Northing/Easting/Elevation at center 
of the roller drum), EVIB, Frequency, 
Amplitude, Speed, Jump 

Output Export File *.csv *.csv 

Automatic 
Feedback Control 
(AFC) 

No Yes 

 

Machine Drive Power (MDP) Value 

MDP technology relates mechanical performance of the roller during compaction to the 
properties of the compacted soil.  Detailed background information on the MDP system is 
provided by White et al. (2005).  Controlled field studies documented by White and Thompson 
(2008), Thompson and White (2008), and Vennapusa et al. (2009) verified that MDP values are 
empirically related to soil compaction characteristics (e.g., density, stiffness, and strength).  
MDP is calculated using Eq. 1.  

 

 bmv
g

'A
SinWvPMDP g 








        (1) 

 
Where MDP = machine drive power (kJ/s), Pg = gross power needed to move the machine (kJ/s), 
W = roller weight (kN), A’ = machine acceleration (m/s2), g = acceleration of gravity (m/s2), α = 
slope angle (roller pitch from a sensor), v = roller velocity (m/s), and m (kJ/m) and b (kJ/s) = 
machine internal loss coefficients specific to a particular machine (White et al. 2005).  MDP is a 
relative value referencing the material properties of the calibration surface, which is generally a 
hard compacted surface (MDP = 0 kJ/s).  Positive MDP values therefore indicate material that is 
less compact than the calibration surface, while negative MDP values indicate material that is 
more compacted than the calibration surface (i.e. less roller drum sinkage).  The MDP values 
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obtained from the machine were recalculated to range between 1 and 150 using Eq. 2 (referred to 
as MDP40). In Eq. 3, the calibration surface with MDP = 0 kJ/s was scaled to MDP40 = 150 and a 
soft surface with MDP = 54.23 kJ/s (40000 lb-ft/s) was scaled to MDP40 = 1.   
 

)MDP(355.023.54MDP40         (2) 

Compaction Meter Value (CMV) and Resonant Meter Value (RMV) 

CMV is a dimensionless compaction parameter developed by Geodynamik that depends 
on roller dimensions, (i.e., drum diameter and weight) and roller operation parameters (e.g., 
frequency, amplitude, speed), and is determined using the dynamic roller response (Sandström 
1994).  It is calculated using Eq. 3, where C is a constant (300), A2 = the acceleration of the 
first harmonic component of the vibration, A = the acceleration of the fundamental component 
of the vibration (Sandström and Pettersson 2004).   Correlation studies relating CMV to soil dry 
unit weight, strength, and stiffness are documented in the literature (e.g., Floss et al. 1983, 
Samaras et al. 1991, Brandl and Adam 1997, Thompson and White 2008, White and Thompson 
2008).   

 




A

A
C  CMV 2          (3) 

 
RMV provides an indication of the drum behavior (e.g. continuous contact, partial uplift, double 
jump, rocking motion, and chaotic motion) and is calculated using Eq. 4, where A0.5 = 
subharmonic acceleration amplitude caused by jumping (the drum skips every other cycle).  It is 
important to note that the drum behavior affects the CMV measurements (Brandl and Adam 
1997) and therefore must be interpreted in conjunction with the RMV measurements (Vennapusa 
et al. 2010). More discussion on effect of drum behavior on CMV measurements is provided 
later in this report.  
 




A

A
C  RMV 0.5

         
(4) 

Vibratory Modulus (EVIB) Value 

The vibratory modulus (EVIB) value is calculated using the one-degree-of-freedom 
lumped parameter model theory and Lundeberg’s theoretical solution (Lundberg 1939) for a 
rigid cylinder on an elastic half-space. A detailed description of the EVIB measurement 
technology is provided by Kröber et al. (2001). Previous studies (Krober 1998 and Krober et al. 
2001) reported that the EVIB value is related to the modulus determined from a static plate load 
test.  The drum force (Fs) and displacement (zd) behaviour is related to EVIB (see Eq. 5) using 
Lundberg’s analytical solution.  According to Hertz (1895), the contact width of a cylindrical 
drum (B) can be calculated using the geometry of the drum, applied force, and the material 
properties (see Eq. 6). The two equations (Eqs. 5 and 6) are numerically solved to determine the 
EVIB value. 
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Figure 2. One-degree-of-freedom lumped parameter model representation of vibratory 
compactor (reproduced from Kröber et al. 2001) 
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Where, η = Poisson’s ratio of the material, L = length of the drum, B = contact width of the 
drum, and R’ = radius of the drum. 
 
The automatic feedback control (AFC) system employed by Bomag uses a concept of counter-
rotating eccentric mass assembly that is directionally vectored to vary the vertical excitation 
force on the soil (see Figure 3).  If the counter-rotating masses are opposite each other in their 
rotation cycles, the eccentric force is zero. On the other hand, when the counter-rotating masses 
pass each other, the eccentric force is at maximum.  The AFC system automatically adjusts the 
amplitude (by adjusting the vectors) depending on the pre-selected settings or the drum behavior 
(see Figure 3). Two different AFC settings are available as described below.  
 

(1) Pre-selected target EVIB and a maximum amplitude amax value: In this setting, the 
vibration amplitude is reduced below the amax value when EVIB ≥ target EVIB, and the 
amplitude is at the amax value when EVIB < target EVIB.  

(2) Pre-selected amax value: In this setting, the vibration amplitude is controlled based on the 
drum double jump behavior (described more in detail below) as measured by the jump 
value. When the jump value increases above 0, the amplitude is lowered to 0.6 mm.  
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Figure 3. Bomag roller eccentric mass assembly and vectoring to vary the vertical 
excitation force (left) and principle of Bomag’s automatic feedback control (AFC) system 

(right) (courtesy of Bomag) 

 

Influence of Drum Behavior and Soil Stiffness on IC-MVs 

Previous experimental and numerical investigations (e.g., Adam and Kopf 2004) on roller 
drum-soil interaction identified five different drum behavior modes which are dependent on the 
soil stiffness and roller operational settings (i.e., amplitude, frequency, and speed). These five 
modes include: continuous contact, partial uplift, double jump, rocking motion, and chaotic 
motion (see Figure 4). The accelerometer based IC-MVs (i.e., CMV, RMV, EVIB) are influenced 
by these different drum modes (see Figure 5).   
 
For CMV measurement technology the drum jump behavior is assessed using the RMV 
measurements. RMV is described earlier in this report.  According to Adam and Kopf (2004), 
RMV = 0 indicates that the drum is in a continuous contact or partial uplift mode.  For RMV > 0, 
the drum enters double jump mode and transitions into rocking and chaotic modes with 
increasing soil stiffness.  Based on numerical studies, Adam and Kopf (2004) demonstrated the 
change in CMV relative to soil stiffness and drum behavior as shown in Figure 5.  For EVIB 
measurement technology, the drum behavior is assessed using the Jump value. Jump = 0 
indicates the drum is in continuous contact or partial uplift mode and Jump > 0 (1 or 2) indicates 
the drum is in either in double jump, rocking, or chaotic mode (personal communication with 
Bomag manufacturer representative). The effect of increasing soil stiffness and drum behavior 
on EVIB value is illustrated in Figure 5.   
 
AFC systems should help control the drum behavior to prevent drum double jumping by 
automatically adjusting the vibration amplitude and/or frequency.  The AFC system for EVIB 
measurement technology is described earlier in this report.  Although not used on this project, 
results from an AFC system for the CMV measurement system (using RMV measurements) is 
documented in White et al. (2008).   
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Figure 4. Influence of soil modulus and drum behavior on IC-MVs (from Adam and Kopf 
2004) 

 

 

Figure 5. Influence of drum behavior on IC-MVs relative to soil modulus (based on 
numerical simulations from Adam and Kopf 2004) 

Overview of Project Compaction Specifications 

New York state DOT 2002 standard specifications were reportedly implemented on the 
project (https://www.nysdot.gov/main/business-center/engineering/specifications/2002-standard-
specifications). In this specification, uniform compactive effort (number of passes and travel 
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speed) is required for fill compaction. Embankment fill and gravel subbase materials are required 
to be compacted to at least 95% of the standard Proctor maximum dry density.  Quality 
assurance (QA) tests to check relative compaction are however not required.  The decision to 
performed field QA is based on field observations by the project engineer.    
 
ANALYSIS METHODS 

Regression Analysis 

Simple linear regression relationships between IC-MVs and in-situ point measurement 
values (Point MV) were developed by spatially pairing the data obtained from the test beds. The 
analysis was performed by considering Point-MVs as “true” independent variables and IC-MVs 
as dependent variables using the models shown in Eqs. 7 to 9, where b0 = intercept and b1, b2 = 
regression parameters. 

 
Linear model: MVintPobbMVIC 10       (7) 

Non-linear logarithmic model: )MVintPoln(bbMVIC 10     (8) 

 Non-linear power model: 2b
1 )MVintPo(bMVIC      (9)  

 
Statistical significance of the independent variable was 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 best fit model is determined based on the strength of the regression relationships 
assessed by the coefficient of determination (i.e., R2) values.  For the analysis and discussion in 
this report, an R2 value ≥ 0.5 is considered acceptable following the guidelines from European 
specifications.  A statistical prediction interval approach for determining “target” values from the 
regression relationships would account for R2 values in the relationships (see NCHRP 21-09).  A 
regression relationship with lower R2 values would result in higher target value and a regression 
relationship with higher R2 value will result in lower target values.   
 
Multiple regression analysis results to statistically assess the influence of vibration amplitude are 
presented in this report. Multiple regression analysis is performed by incorporating amplitude as 
an independent variable into a general multiple linear regression model as shown in Eq. 10 where 
b0 = intercept, b1 and b2 = regression coefficients, and a = amplitude (mm). The statistical 
significance of amplitude was assessed based on p- and t- values using the criteria described 
above.  

 
abMVintPobbMVIC 210              (10) 

 
For the multiple regression analysis, the R2 values have been adjusted for the number of 
regression parameters using Eq. 11. The adjusted R2 from multiple regression analysis is used to 
compare with R2 from simple linear regression analysis to assess which regression model best 
describes the data.  
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Geostatistical Analysis 

Spatially referenced IC measurement values provide an opportunity to quantify “non-
uniformity” of compacted fill materials.  Vennapusa et al. (2010) demonstrated the use of 
semivariogram analysis in combination with conventional statistical analysis to evaluate non-
uniformity in QC/QA during earthwork construction.  A semivariogram is a plot of the average 
squared differences between data values as a function of separation distance, and is a common 
tool used in geostatistical studies to describe spatial variation.  A typical semivariogram plot is 
presented in Figure 6.  The semivariogram (h) is defined as one-half of the average squared 
differences between data values that are separated at a distance h (Isaaks and Srivastava 1989).  
If this calculation is repeated for many different values of h (as the sample data will support) the 
result can be graphically presented as experimental semivariogram shown as circles in Figure 6. 
More details on experimental semivariogram calculation procedure are available elsewhere in the 
literature (e.g., Clark and Harper 2002, Isaaks and Srivastava 1989).  
 
To obtain an algebraic expression for the relationship between separation distance and 
experimental semivariogram, a theoretical model is fit to the data.  Some commonly used models 
include linear, spherical, exponential, and Gaussian models.  A spherical model was used for 
data analysis in this report.  Arithmetic expression of the spherical model and the spherical 
variogram are shown in Figure 6. Three parameters are used to construct a theoretical 
semivariogram: sill (C+C0), range (R), and nugget (C0).  These parameters are briefly described 
in Figure 6.  More discussion on the theoretical models can be found elsewhere in the literature 
(e.g., Clark and Harper 2002, Isaaks and Srivastava 1989).  For the results presented in this 
section, the sill, range, and nugget values during theoretical model fitting were determined by 
checking the models for “goodness” using the modified Cressie goodness fit method (see Clark 
and Harper 2002) and cross-validation process (see Isaaks and Srivastava 1989).  From a 
theoretical semivariogram model, a low “sill” and longer “range of influence” represent best 
conditions for uniformity, while the opposite represents an increasingly non-uniform condition.  
 
Some of the results presented in this report revealed nested structures with short-range and long-
range components in the experimental semivariograms. Nested structures have been observed in 
geological applications where different physical processes are responsible for spatial variations 
at different scale (see Chiles and Delfiner 1999). For the cases with nested structures, nested 
spherical variograms combining two spherical models (with two sill values and two range 
values) are fit to the experimental semivariogram data.  This report is the first application of this 
approach for IC data. 
  
 



10 
 

Range (R)

Scale, C

Nugget, C0

Sill
C + C0

Range, R: As the separation distance between pairs increase, 
the corresponding semivariogram value will also generally increase. 
Eventually, however, an increase in the distance no longer causes 
a corresponding increase in the semivariogram, i.e., where the 
semivariogram reaches a plateau.  The distance at which the 
semivariogram reaches this plateau is called as range.  Longer range 
values suggest greater spatial continuity or relatively larger 
(more spatially coherent) “hot spots”. 

Sill, C+C0: The plateau that the semivariogram reaches at the range is 

called the sill. A semivariogram generally has a sill that is approximately 
equal to the variance of the data.   

Nugget, C0: Though the value of the semivariogram at h = 0 is strictly zero,

several factors, such as sampling error and very short scale variability, 
may cause sample values separated by extremely short distances to 
be quite dissimilar. This causes a discontinuity at the origin of the 
semivariogram and is described as nugget effect.
(Isaaks and Srivastava, 1989)
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Figure 6. Description of a typical experimental and spherical semivariogram and its 
parameters  

 
EXPERIMENTAL TESTING 

Description of Test Beds 

 A total of ten test beds including two different materials (i.e., embankment subgrade and 
subbase materials) were studied.  A summary of test beds with material conditions and tests 
performed is provided in Table 2. A summary of soil index properties is provided in Table 3. 
Details regarding construction and testing of each test bed are provided in the discussion later 
and in test bed summary sheets in the Appendix.  The following specific objectives were targeted 
at different test beds evaluated in this study: 
 

 Capture data over wide measurement range to develop IC-MV and different Point-MV 
correlations – TBs1, 2, 3, 4, 5, 6, 8, 9, and 10.  

 Demonstrate the usefulness of using IC-MV maps for selection of QA test locations – 
TBs1, 2, 7, and 9.  

 Demonstrate the usefulness of using IC-MV maps to differentiate underlying support 
conditions – TB2 (test bed is partially underlain by shredded rubber tire fill) 

 Explore geostatistical methods to quantify and characterize spatial non-uniformity of 
embankment materials – TBs1 and 2. 

 Evaluate AFC mode operations in comparison with manual mode operations – TBs 3, 5, 
and 10.   

 Evaluate the influence of amplitude on IC-MVs – TBs 3, 4, 5, and 8. 
 Provide hands-on experience to NYDOT and contractor personnel – TBs 6, 7, and 9 
 Evaluate impact of lift thickness on IC-MVs and compaction efficiency – TB10 
 Evaluate compaction influence depth – TB10  
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Table 2. Summary of test beds and in-situ testing  

TB Material Date Machine(s) Pass

Theoretical 
Amplitude (mm)/ 

Speed (km/h)*
Notes/In-situ Test 

Measurements

1 
Embankment 

(underlain by tire 
fill at < 1m depth) 

05/17 Caterpillar 
1 Static, 4

CBR, ELWD-Z2 after 
Pass 3 2 0.90, 4

3 0.90, 4

2 

Embankment 
(partially 

underlain by tire 
fill at < 1m depth) 

05/18 Caterpillar 

1 Static, 4 CBR, ELWD-Z2, w(H), 
d(H), and EBCD after 

Pass 2 2 0.90, 4 

3 Embankment 05/18 Bomag 

1 0.70, 4

ELWD-Z2 and ELWD-Z3 
after Pass 2 

2 AFC amax = 1.90 
(EVIB = 150MPa), 4 

3 0.70 mm, 4
4 1.50 mm, 4

4 

Gravel Subbase  
(Lane 2) 

05/18 Caterpillar 
1-8 Static, 4 ELWD-Z3, CBR, w(H), 

and d(H) after Pass 0 
and 8.  Gravel Subbase  

(Lane 3) 1-8 0.90, 4 

5 

Gravel Subbase  
(Lane 4) 

05/18 Bomag 1-8 

AFC amax = 1.10 and 
(EVIB = 150 MPa), 4 

ELWD-Z3, CBR, w(H), 
and d(H) after Pass 0 
and 8. w(T), and d(T) 

after Pass 0. w(SDG), 
and d(SDG) after Pass 

8.

Gravel Subbase  
(Lane 5) 0.70 mm, 4 

6 Gravel Subbase 
(Production) 05/19 

Caterpillar 1-2 0.90, 4 ELWD-Z3, w(H), d(H),  
and EBCD after pass 67 Bomag 3-6 0.70, 4

8 
Embankment 
(same area as 

TB3) 
05/19 Caterpillar 

5 0.90, 4
EFWD-K3, EV1, and EV2 

after Pass 6 6 Static, 4 

9 
Gravel Subbase 

(Production  
by Contractor) 

05/19 Caterpillar Variable 0.90, 4 
ELWD-Z3, CBR, w(H), 
d(H), and EBCD after 

final pass

10 Embankment (1m 
and 2m Trenches) 

05/20 
to 

05/21 

Caterpillar 
(Lane 1) 

1-8 0.90, 4

ELWD-Z3, CBR, w(H), 
d(H), w(SDG), d(SDG) 

and EBCD after Pass 
0, 1, 2, 4, 8 and 10 

9-10 0.90, 2

Bomag 
(Lane 2) 

1-8 AFC amax = 1.10 and 
(EVIB = 150 MPa), 4 

9-10 AFC amax = 2.50 and 
(EVIB = 150 MPa), 2 

Bomag 
(Lane 3) 

1-8 0.70, 4
9-10 0.70, 2

Note: * - nominal.  
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Table 3. Summary of soil index properties 

Parameter Embankment 
Material

Aggregate Base 

Standard Proctor Test Results   

dmax (kN/m3) 20.46 21.20 

     wopt 8.6 8.0 

Relative Density Test Results (oven-dry material)  

dmin (kN/m3) Not  
Performed 

15.95 

dmax (kN/m3) 20.01 

Gravel Content (%) (> 4.75mm) 24 46 

Sand Content (%) (4.75mm – 75m) 55 44 

Silt Content (%) (75m – 2m) 15 7 

Clay Content (%) (< 2m) 6 3 

D10 (mm) 0.0083 0.075 

D30 (mm) 0.193 1.09 

D60 (mm) 1.54 6.98 

Coefficient of Uniformity, cu 185.5 93.1 

Coefficient of Curvature, cc 2.9 2.3 

Liquid Limit, LL (%) 16 15 

Plastic Limit, PL (%) Non-Plastic 

AASHTO Classification A-1-b A-1-a 

USCS Classification SM GW 

Specific Gravity, Gs  (Assumed) 2.70 2.75 

 

In-situ Testing Methods 

Eight different in-situ testing methods were employed in this study to evaluate the in-situ 
soil engineering properties (Figure 7): (a) Zorn light weight deflectometer setup with 200 and 
300 mm plate diameters to determine elastic modulus (ELWD-Z2 for 200 mm plate diameter and 
ELWD-Z3 for 300 mm plate diameter), (b) Dynamic Cone Penetrometer (DCP) to determine 
California bearing Ratio (CBR), (c) Briaud’s compaction device (BCD) setup with 150 mm 
diameter plate to determine soil elastic modulus (EBCD), (d) calibrated Humboldt nuclear gauge 
(NG(H))to measure moisture content (w(H)) and dry unit weight (d(H)), (e) calibrated Troxler 
nuclear gauge (NG(T))to measure moisture content (w(T)) and dry unit weight (d(T)), (f) 
Transtech soil density gauge (SDG) to measure moisture content (w(SDG)) and dry unit weight 
(d(SDG)), (g) 300-mm diameter two-segmented plate KUAB falling weight deflectometer (FWD) 
to determine elastic modulus (EFWD-K3), and (h) 300-mm plate diameter static plate load test 
(PLT) to determine initial (EV1) and re-load modulus (EV2).  LWD (200 mm plate), DCP, NG(H), 



13 
 

and PLT tests were conducted by the ISU research team, LWD (300 mm plate), FWD, and 
NG(T) tests were conducted by New York (NYDOT) personnel, BCD tests were conducted by 
Texas A&M research personnel, and SDG tests were conducted by Transtech personnel. SDG 
results were analyzed by Transtech personnel to determine the d(SDG) and w(SDG) values. The 
BCD device is described in Briaud et al. (2006) and the results were analyzed by Texas A&M 
research personnel to determine EBCD values.    
 
LWD tests were performed following manufacturer recommendations (Zorn 2003) and the ELWD 

values were determined using Eq. 12, where E = elastic modulus (MPa), d0 = measured 
settlement (mm), η = Poisson’s ratio, 0 = applied stress (MPa), r = radius of the plate (mm), F  = 
shape factor depending on stress distribution (assumed as ) (see Vennapusa and White 2009).  
 

F
d

r)1(
E

0

0
2




           (12) 

 
To help differentiate between the 300 mm LWD and 200 mm LWD measurements the following 
terminology is followed in this report: 
 

 ELWD-Z2: Elastic modulus determined by Zorn 200 mm diameter LWD  
 ELWD-Z3: Elastic modulus determined by Zorn 300 mm diameter LWD 

   
FWD testing was performed by applying one seating drop using a nominal force of about 27 kN 
followed by three test drops each at a nominal force of about 45, 60, and 80 kN. The actual 
applied force was recorded using a load cell. The deflections were measured using geophones 
placed at the center of the plate and at 0.30, 0.46, 0.61, 0.91, 1.22, 1.52, and 1.83 m offsets from 
the center of the plate.  A composite modulus value (EFWD-K3) was calculated using measured 
deflection at the center of the plate using Eq. 12. Shape factor F = 2 was assumed in the 
calculations as the plate used for testing was a segmented plate (assume to produce uniform 
contact stress distribution).   
 
DCP tests were performed in accordance with ASTM D6951-03 to determine dynamic cone 
penetration index (DPI) and calculate CBR using Eq. 13. The DCP test results are presented in 
this report as CBR point values or CBR depth profiles. When the data is presented as point 
values, the data represents a weighted average CBR of the compaction layer depth or depth 
indicated in the subscript (e.g., CBR300 indicates weighted average CBR to a depth of 300 mm 
and CBRBase indicates weighted average CBR to the depth equal to the thickness of the base 
layer).  

 

12.1DPI

292
CBR           (13) 
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Figure 7. In-situ testing methods used on the project: (a) Zorn light weight deflectometer, 
(b) dynamic cone penetrometer, (c) Briaud compaction device, (d) Humboldt nuclear 
gauge, (e) Troxler nuclear gauge, (f) Transtech’s soil density gauge, (g) KUAB falling 

weight deflectometer, (h) static plate load test 

 

(a) (b) (c) 

(d) (e) (f) 

(h) (g) 
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Static PLT’s were conducted by applying a static load on 300 mm diameter plate against a 6.2kN 
capacity reaction force. The applied load was measured using a 90-kN load cell and 
deformations were measured using three 50-mm linear voltage displacement transducers 
(LVDTs). The load and deformation readings were continuously recorded during the test using a 
data logger. The EV1 and EV2 values were determined from Eq. 12 using deflection values at 0.1 
and 0.2 MPa applied contact stresses for embankment subgrade materials and at 0.2 and 0.4 MPa 
contact stresses for base materials, as illustrated in Figure 8. 
 

0 (MN/m2)

0 (MN/m2)

subgrade base and subbase

0.0

0.1

0.2

0.0

0.2

0.4

Deflection Deflection

EV1 EV2

EV1 EV2

 

Figure 8. EV1 and EV2 determination procedure from static PLT for subgrade and base 
materials 

 
EXPERIMENTAL TEST RESULTS  

TB1 Embankment Material – Caterpillar  

Test bed conditions, IC-MV mapping, and Point-MV testing 

TB1 consisted of compacted embankment granular subgrade material (Figure 9) with 
plan dimensions of approximately 18 m x 200 m. Reportedly, the embankment material was 
underlain by shredded rubber tires at depths < 1m below grade. The area was divided into eight 
roller lanes and compacted with three roller passes using the Caterpillar IC roller. MDP40 and 
CMV IC-MVs were obtained from the roller. Pass 1 was made in static mode and passes 2 and 3 
were made using low amplitude (a = 0.90 mm, f = 30 Hz) settings (see Table 2). Point-MVs 
(ELWD-Z2, CBR300) were obtained at 10 test locations after pass 3. The test locations were selected 
using the IC-MV map (at low, medium, and high IC-MV locations).   
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IC-MV maps from the three roller passes are shown in Figure 10. The spatial orientations of the 
IC-MV maps for passes 1 and 2 are slightly different from that of pass 3 because of an incorrect 
GPS setting used for passes 1 and 2. The correct GPS setting was used for pass 3. Histograms of 
CMV and MDP40 IC-MVs are presented in Figure 11.  Point-MV locations are shown (as circles 
with point location number) on the pass 3 spatial map (Figure 10).  DCP-CBR depth profiles 
along with surface ELWD-Z2 measurements at each test location are presented in Figure 12.  ELWD-

Z2 measurements at two test locations (locations 8 and 9) were above the upper measurement 
range of the device (>200 MPa) and therefore were not included in the regression analysis 
presented below.  
 
 

  

  

Figure 9. TB1 embankment material area and pictures of in-situ testing and roller used for 
mapping the area 
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Figure 10. CMV and MDP40 spatial maps for three roller passes – TB1 embankment 
material 
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Figure 11. CMV and MDP40 histograms for passes 1 through 3 – TB1 embankment 
material 
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Figure 12. DCP-CBR profiles and ELWD-Z2 measurements after pass 3 – TB1 embankment 
material 
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Regression Analysis between IC-MVs and Point-MVs 

Regression analysis results between IC-MVs and Point-MVs are presented in Figure 13 
and the relationships are summarized in Table 4. Non-linear power relationships showed the best 
fit for all Point-MVs.  The R2 values of the relationships varied from 0.27 to 0.86. All 
relationships except the CMV vs. CBR300 relationship yielded R2 > 0.5.   
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Figure 13. Regression relationships between IC-MVs and Point MVs – TB1 embankment 
material (nominal settings: a = 0.90 mm, f = 30 Hz) 

 

Table 4. Summary of regression analysis – TB1 embankment material 

Relationship a (mm) n R2 

MDP40 = 79.59 (ELWD-Z2)
0.10 0.90 8 0.86 

MDP40 = 82.91 (CBR300)
0.11 0.90 10 0.51 

CMV = 4.44 (ELWD-Z2)
0.49 0.90 8 0.52 

CMV = 6.09 (CBR300)
0.48 0.90 10 0.27 
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Geostatistical Analysis of IC-MVs 

Semivariograms of IC-MVs for passes 1, 2, and 3 are presented in Figure 14 and a 
summary of the spatial statistics (i.e., nugget, sill, and range) are provided in Table 5.  The 
experimental semivariograms of the MDP40 values showed a nested spatial structure with short-
range and long-range components. A nested spherical variogram was fit to the experimental 
semivariogram data. The CMV experimental semivariograms did not exhibit nested structures.  
For MDP40 semivariograms, it is possible that the long-range spatial structure is linked to the 
spatial variation in underlying layer support conditions while the short-range spatial structure is a 
result of soil properties close to the surface.  These concepts have not previously been evaluated 
and could provide an important step in understanding the spatial variability associated with IC 
data.   Again, the embankment material in this area was reportedly underlain by shredded rubber 
tire fill at depths < 1m below grade.   
 
The MDP40 and CMV semivariograms showed increasing non-uniform conditions (as indicated 
with increasing sill values) with increasing roller passes. This is also reflected by higher standard 
deviation () values with increasing roller passes. Increasing spatial variability with increasing 
roller passes may be a result of localized areas of material decomposition (likely dilation) as the 
test bed had been compacted before IC rolling, but was not evaluated as part of the test plan. This 
occurrence should be studied further on future projects. 

Summary of Key Findings 

Measurements from TB1 involved obtaining IC-MV maps using static and low amplitude 
settings and Point-MVs (ELWD-Z2 and CBR300) at select locations over a plan area of about 18 m x 
200 m. The embankment material was underlain by shredded rubber tires at depths < 1m below 
the grade. Regression analysis was performed using the IC-MVs and Point-MVs by spatially 
pairing the data, and geostatistical analysis was performed using the GPS referenced IC-MV data 
obtained for each pass. Following is a summary of key findings from analysis of the TB1 
measurements: 
 

 Regression analysis results between IC-MVs and Point-MVs showed non-linear power 
relationships with R2 values ranging from 0.27 to 0.86. All relationships except CMV vs. 
CBR300 produced R2 > 0.5.   

 The MDP40 semivariograms exhibited a nested spatial structure with short-range and 
long-range components, while the CMV semivariograms did not. Additional studies are 
needed to better understand this finding. 

 The MDP40 and CMV semivariograms showed increased non-uniform conditions (as 
indicated with increasing sill values standard deviation values) with increasing roller 
passes. Additional studies are needed to better understand this finding. 
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Figure 14. Semivariograms of roller MVs for different passes – TB1 embankment material 

 

Table 5. Summary of univariate and spatial statistics – TB1 embankment material 

Pass 

  
a 

(mm) 

Univariate Statistics Spatial Statistics   

MV n  
COV 
(%) Nugget Sill1 Range1 Sill2 Range2

1 MDP40 6579 Static 132.1 5.4 4 19 27 16 31 80 

2 MDP40 6240 0.9 128.8 5.7 4 18 32 16 37 65 

2 CMV 6240 0.9 47.9 17.5 36 100 310 12 — — 

3 MDP40 6008 0.9 126.9 7.6 6 30 58 16 66 65 

3 CMV 6008 0.9 50.4 19.3 38 200 370 13 — — 

3 ELWD-Z2 10 
NA 

144.8 104.4 72 
Not enough measurements 

3 CBR300 10 59.9 25.5 43 

 

TB2 Embankment Material – Caterpillar  

Test bed conditions, IC-MV mapping, and Point-MV testing 

This test bed consisted of compacted embankment granular subgrade material with plan 
dimensions of approximately 18 m x 71 m. The test bed was connected to the south end of TB1. 
Reportedly, the embankment material in this area was underlain by rubber tire fill at depths < 1m 
below grade in the northern half of the test bed (see note on Figure 15).  The area was divided 
into eight roller lanes and compacted with two passes using the Caterpillar IC roller.  MDP40 and 
CMV IC-MVs were obtained from the roller.  The roller was operated in static mode for Pass 1 
vibratory mode with low amplitude (a = 0.90 mm, f = 30 Hz) for pass 2 (see Table 2). Following 
mapping passes, Point-MVs (ELWD-Z2, DCP-CBR, w(H), w(SDG), d(H) and d(SDG)) were obtained at 
7 test locations selected using the IC-MV map.   
 



23 
 

IC-MV maps from the two roller passes are shown in Figure 15. Histograms of IC-MVs for each 
pass are presented in Figure 16.  Point-MV locations are shown (as circles with point location 
number) on pass 2 spatial map (Figure 15).  DCP-CBR depth profiles along with ELWD-Z2, w(H), 
w(SDG), d(H) and d(SDG) measurements at the surface of each test location are presented in Figure 
17. An ELWD-Z2 measurement at one test location (location 2) was above the upper measurement 
range of the device (> 200 MPa) and therefore was not included in the regression analysis 
presented below.  
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Figure 15. CMV and MDP40 spatial maps with different machine amplitude settings – TB2 
embankment material 
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Figure 16. CMV and MDP40 histograms – TB2 embankment material  
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Figure 17. DCP-CBR profiles – TB2 embankment material  

Regression Analysis between IC-MVs and Point-MVs 

Regression analysis results between IC-MVs and Point-MVs are presented in Figure 18 
and the relationships are summarized in Table 6. Simple linear relationships showed the best fit 
for all the relationships with R2 values ranging from 0.15 to 0.85. Relationships between IC-MVs 
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and ELWD-Z2 and CBR300 Point-MVs produced better R2 values (0.41 to 0.85) than between IC-
MVs and d Point-MVs (0.26 to 0.52). The relationship between IC-MVs and w(SDG) produced R2 
= 0.48 to 0.50 while w(H) did not show a statistically significant relationship.        

Geostatistical Analysis of IC-MVs 

Semivariograms of IC-MVs for passes 1 and 2 are presented in Figure 19 and a summary 
of the spatial statistics (i.e., nugget, sill, and range) are provided in Table 7.  A spherical 
variogram was fit to the experimental semivariogram data. The semivariograms are presented 
separately for the areas with and without underlying rubber tire fill. The MDP40 spatial statistics 
(sill = 9 and 35 in areas with and without tire fill) and univariate statistics (COV = 2% and 6% in 
areas with and without tire fill, respectively) indicate greater non-uniformity in the areas with the 
tire fill compared to the areas without the tire fill.  In contrary, CMV statistics showed slightly 
higher non-uniformity in the areas without tire fill.  

Summary of Key Findings 

Measurements from TB 2 involved IC-MV mapping using static and low amplitude 
settings and Point-MVs (ELWD-Z2, CBR300, w(H), w(SDG), d(H) and d(SDG)) at select locations over a 
plan area of about 18 m x 71 m. For about half of the test bed, the embankment material was 
underlain by shredded rubber tires at depths < 1m below the grade. Regression analysis was 
performed between IC-MVs and Point-MVs by spatially pairing the data, and geostatistical 
analysis was performed using the GPS referenced IC-MV data. Following is a summary of key 
findings from these analyses: 
 

 Regression analysis results between IC-MVs and Point-MVs showed simple linear 
relationships with R2 values varying from 0.15 to 0.85. Relationships between IC-MVs 
and ELWD-Z2 and CBR300 Point-MVs yielded better R2 values (0.41 to 0.85) than between 
IC-MVs and d Point-MVs (0.26 to 0.52).      

 The MDP40 spatial statistics (sill = 9 and 35 in areas with and without tire fill) and 
univariate statistics (COV = 2% and 6% in areas with and without tire fill, respectively) 
indicate increased non-uniformity in the areas with the tire fill compared to the areas 
without the tire fill.  In contrary, CMV statistics showed slightly higher non-uniformity in 
the areas without the tire fill. 
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Figure 18. Regression relationships between roller MVs and in-situ point measurements – 
TB2 embankment material (Pass 2 nominal settings: a = 0.90 mm, f = 30 Hz, v = 4 km/h) 
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Table 6. Summary of regression analysis – TB2 embankment material 

Relationship a (mm) n R2 

MDP40 = 115.5 + 0.09 (ELWD-Z2)
 0.90 6 0.66 

MDP40 = 123.1 + 0.07 (CBR300)
 0.90 7 0.74 

MDP40 = 51.6 + 3.72 (d(H))
 0.90 7 0.15 

MDP40 = -29.4 + 7.69 (d(SDG))
 0.90 7 0.52 

MDP40 = 114.1 + 4.16 (w(SDG))
 0.90 7 0.50 

CMV = 17.3 + 0.16 (ELWD-Z2)
 0.90 7 0.41 

CMV = 25.4 + 0.18 (CBR300)
 0.90 7 0.85 

CMV = -221.4 + 12.63 (d(H))
 0.90 7 0.26 

CMV = 4.14 + 10.60 (w(SDG))
 0.90 7 0.48 

CMV = -345.8 + 18.85 (d(SDG))
 0.90 7 0.46 

Note: No statistically significant relationship between IC-MVs and w(H) 
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Figure 19. Semivariograms of roller MVs for different passes – TB2 embankment material 
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Table 7. Summary of univariate and spatial statistics – TB2 embankment material 

TB 
Area Pass 

  
a 

(mm) 

Univariate Statistics Spatial Statistics 

Measurement n  
COV 
(%) Nugget Sill Range 

C
om

bi
ne

d 

1 MDP40 2618 Static 133.3 7.8 6 20 38 2 

2 MDP40 2025 0.9 132.1 5.9 4 8 22 5 

2 CMV 2025 0.9 45.8 14.7 32 55 225 4 

2 ELWD-Z2 7 0.9 169.8 71.6 42 

Not enough measurements 

2 CBR300 7 0.9 107.8 74.9 69 

2 d(H) 7 0.9 21.1 0.6 3 

2 d(SDG) 7 0.9 20.7 0.5 3 

2 w(H) 7 0.9 6.4 0.5 7 

2 w(SDG) 7 0.9 3.9 10 25 

A
re

a 
w

it
ho

ut
 ti

re
 f

il
l 

1 MDP40 1257 Static 135.1 4.4 3 10 17 1 

2 MDP40 991 0.9 133.9 3.0 2 3 9 3 

2 CMV 991 0.9 44.3 15.1 34 50 270 4 

2 ELWD-Z2 4 0.9 208.2 64.8 31 

Not enough measurements 

2 CBR300 4 0.9 148.1 77.1 52 

2 d(H) 4 0.9 21.4 0.4 2 

2 d(SDG) 4 0.9 21.0 0.6 3 

2 w(H) 4 0.9 6.3 0.5 7 

2 w(SDG) 4 0.9 4.3 1.1 25 

A
re

a 
w

it
h 

ti
re

 f
il

l 

1 MDP40 1361 Static 131.6 9.7 7 25 63 1.5 

2 MDP40 1034 0.9 130.3 7.2 6 8 35 3 

2 CMV 1034 0.9 47.1 14.1 30 50 210 5 

2 ELWD-Z2 3 0.9 118.7 47 40 

Not enough measurements 

2 CBR300 3 0.9 54.1 18.3 34 

2 d(H) 3 0.9 20.7 0.5 3 

2 d(SDG) 3 0.9 20.4 0.1 1 

2 w(H) 3 0.9 6.6 0.5 7 

2 w(SDG) 3 0.9 3.3 0.2 7 

TB 3/8 Embankment Material – Bomag and Caterpillar 

Test bed conditions, IC-MV mapping, and Point-MV testing 

This test bed consisted of compacted embankment granular subgrade material with plan 
dimensions of approximately 10 m x 105 m (Figure 20).  The area was first mapped using the 
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Bomag IC roller (TB3) in a manual low amplitude mode (pass 1: a = 0.70 mm, f = 28 Hz) and 
then in AFC mode (pass 2: amax= 1.90 mm, f = 28 Hz) using setting (2) (recall that using setting 
(2) the vibration amplitude is controlled to prevent roller jumping).  Point-MVs (ELWD-Z2 and 
ELWD-Z3) were obtained along lane 3 at 62 test locations after pass 2. Following testing, lane 3 
was rolled with two additional passes using manual low (pass 3: a = 0.70 mm, f = 28 Hz) and 
medium (pass 4: a = 1.50 mm, f = 28 Hz) amplitude settings.   
 
Lane 3 was subsequently mapped using the Caterpillar IC roller (TB8) in static mode (designated 
as pass 5 following the Bomag roller passes) and low amplitude mode (pass 6: a = 0.90 mm, f = 
30 Hz).  See Table 2 for a summary of roller passes and machine settings.  Following pass 6, 
FWD test measurements were obtained at 88 test locations and static PLT measurements were 
obtained at 23 test locations along lane 3.  

 
EVIB spatial maps for passes 1 to 4 are shown in Figure 21. Lane 3 EVIB, jump, and amplitude 
measurements are presented for passes 1 to 4 in Figure 22. EVIB measurement values for passes 
2, 3, and 4 on lane 3 are compared with in-situ Point MVs obtained after pass 2 in Figure 23.  
Results presented in Figure 23 indicate that the EVIB measurement values are amplitude 
dependent. For pass 2 performed in AFC mode (Figure 22), the amplitude values varied from 1.3 
to 1.9 mm for EVIB > 160 MPa and the amplitude values varied from 0.6 to 1.3 mm for EVIB < 
160 MPa. Roller jumping was observed (as shown with Jump > 0) at several short intervals 
along the length of the test bed for pass 2. No roller jumping was observed for passes 1 and 3 
performed in manual a = 0.70 mm mode. Roller jumping was observed for pass 4 performed in 
manual a = 1.50 mm mode at many locations along the lane. As discussed earlier in the 
background section of this report, drum jumping behavior is linked to ground stiffness and 
vibration amplitude and affects the EVIB measurement values.  In this study roller jumping (Jump 
> 0) reduced the EVIB values, for example between the 70 to 80 m marks on the test bed the 
jumping EVIB values are generally  < 150 MPa whereas with no jumping, EVIB values are > 220 
MPa. Considering the drum jumping behavior observed for pass 4 with a = 1.50 mm, it appears 
that pass 2 performed in AFC mode with amax = 1.90 mm effectively controlled the roller 
jumping by reducing the amplitude at many locations along the lane. In some segments though, 
jumping was still observed even in AFC mode. 
 
The Point-MVs shown in Figure 23 more closely follow the pass 3 EVIB values compared to the 
pass 2 and 4 results. Of all the Point-MVs, EFWD-K3 measurements tracked best with the EVIB 

values from pass 3. The ELWD-Z2 and ELWD-Z3 measurements exceeded the upper measurement 
range of the devices at 20 and 22 test locations, respectively (e.g., between 70 and 85 m distance) 
along the lane and therefore are not shown in Figure 23.  
 
MDP40 spatial maps and linear correlation plots for total pass numbers 5 and 6 are shown in 
Figure 24 and Figure 25, respectively.  MDP40 values were not affected by the amplitude setting 
on this test bed. Roller drum jumping was observed by the roller operator during pass 6.  RMV 
measurements were not available in the output files, however, and the CMV measurements could 
not be interpreted for this set of passes. It is not known why the CMV values were not recorded 
during this set of measurement runs.   TheMDP40 measurement values for passes 5 and 6 are 
compared with in-situ Point MVs obtained after passes 2 and 6 in Figure 26.  
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Regression Analysis between IC-MVs and Point-MVs 

Regression analysis results between EVIB and Point-MVs are presented in Figure 27 and 
the relationships are summarized in Table 8. Simple linear relationships showed the best fit for 
all the relationships. EVIB relationships with EV1 and EFWD-K3 showed good correlations with R2 > 
0.6, while with ELWD-Z2, ELWD-Z3, and EV2 showed relatively low R2 values (0.15 to 0.37).  
 
Regression analysis results between MDP40 and Point-MVs are presented in Figure 28 and the 
relationships are summarized in Table 9. No statistically significant relationships were observed 
between ELWD-Z2, ELWD-Z3, and EV2 Point-MVs and MDP40. MDP40 relationship with EV1 and 
EFWD-K3 produced relatively low R2 values (0.10 to 0.26).  MDP40 obtained in static and low 
amplitude settings were similar along the test strip and showed a correlation with R2= 0.5. 
 
Weak correlations observed in this test bed are attributed to: (a) the narrow range of 
measurements over which the correlations were performed (note that the test bed consisted of 
very stiff compacted embankment material), and (b) the differences in measurement influence 
depths between IC-MVs and different Point-MVs.   
 
 

 

Lane 3

 

Figure 20. TB 3/8 embankment material area and testing on lane 3 
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Figure 21. EVIB spatial maps with different machine amplitude settings in manual and AFC 
mode – TB3 embankment material 
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Figure 22. EVIB and jump measurements from each pass on lane 3 – TB3 embankment 
material 
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Figure 23. Comparison between EVIB (pass 3) and Point-MVs on lane 3 – TB3 embankment 
material 
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Figure 24. MDP spatial maps for two roller passes on TB8 embankment material 
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Figure 25. MDP measurements from passes 1 and 2 on lane 3 – TB8 embankment material  
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Figure 26. Comparison between MDP40 (pass 5) and Point-MVs on lane 3 – TB8 
embankment material 
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Figure 27. Regression relationships between EVIB and Point-MVs – TB3 embankment 
material (Pass 3 nominal settings: a = 0.70 mm, f = 28 Hz, v = 4 km/h) 

 

Table 8. Summary of regression analysis – TB3 embankment material 

Relationship a (mm) n R2 

EVIB = 158.2 + 0.36 (ELWD-Z2)
 0.70 40 0.18 

EVIB = 149.9 + 0.55 (ELWD-Z3)
 0.70 42 0.15 

EVIB = 166.5 + 0.51 (EV1)
 0.70 20 0.61 

EVIB = 194.6 + 0.16 (EV2)
 0.70 20 0.37 

EVIB = 131.0 + 0.29 (EFWD-K3)
 0.70 79 0.68 
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Figure 28. Regression relationships between MDP40 and Point-MVs – TB8 embankment 
material  

Table 9. Summary of regression analysis – TB8 embankment material 

Relationship a (mm) n R2 

MDP40 = 131.9 + 0.03 (EV1) Static 21 0.26 

MDP40 = 130.3 + 0.02 (EFWD-K3) Static 75 0.23 

MDP40 = 135.6 + 0.02 (EV1) 0.90 21 0.11 

MDP40 = 133.8 + 0.01 (EFWD-K3) 0.90 75 0.10 

 Note: no statistically significant relationship between ELWD-Z2, ELWD-Z3, and EV2 Point MVs and MDP40 
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Summary of Key Findings 

Measurements from TBs 3 and 8 involved obtaining EVIB IC-MVs in manual and AFC 
mode settings, MDP40 IC-MVs in static and low amplitude settings, and Point-MVs (ELWD-Z2, 
ELWD-Z3, EFWD-K3, EV1, and EV2), along a 100 m long test strip. Comparisons are made between 
AFC mode and manual mode operations to assess how drum jumping behavior is controlled 
using the AFC mode and the impact of jumping on EVIB values. Regression analysis was 
performed between IC-MVs obtained in manual constant amplitude settings and Point-MVs by 
spatially pairing the data. Following is a summary of key findings from these analyses: 
 

 EVIB measurements values obtained in different amplitude settings indicated that the 
values are amplitude dependent.  

 Roller jumping was not observed for passes performed in manual a = 0.70 mm mode for 
the Bomag IC roller. Roller jumping was observed for a pass performed in manual a = 
1.50 mm mode at many locations along the test bed. For a pass performed in AFC mode 
(using amax = 1.90 setting), the amplitude values varied between 1.3 to 1.9 mm for EVIB  > 
160 MPa and the amplitude values varied between 0.6 and 1.3 mm for EVIB < 160 MPa. 
Roller jumping was observed at several segmented sections when operated in AFC mode.   

 The Point-MVs tracked well with EVIB values obtained in manual a = 0.70 mm setting 
compared to other higher amplitude settings. Of all the Point-MVs, EFWD-K3 produced the 
best correlation with EVIB values.  

 Regression analyses yielded good correlations with R2 > 0.6 between EVIB and EV1 and 
EFWD-K3 Point-MVs, and relatively weak correlations with R2 values (0.15 to 0.37) for 
ELWD-Z2, ELWD-Z3, and EV2 Point-MVs.  

 No statistically significant relationships were observed between ELWD-Z2, ELWD-Z3, and 
EV2 Point-MVs and MDP40. MDP40 relationships with EV1 and EFWD-K3 showed relatively 
low R2 values (0.10 to 0.26). Weak correlations are attributed to: (a) narrow range of 
measurements over which the correlations were performed, and (b) potential differences 
in measurement influence depths.   

 MDP40 obtained in static and low amplitude settings were similar along the test strip and 
showed a correlation with R2= 0.5. 

TBs 4 and 5 Gravel Subbase Calibration Test Strips – Caterpillar and Bomag 

Test beds construction and in-situ testing – TB4 (Lanes 2 and 3) 

TB 4 consisted of approximately 200 to 250 mm thick loosely placed aggregate subbase 
material over a geosynthetic separation material underlain by granular embankment material 
(Figure 29).  Two side-by-side lanes (lanes 2 and 3) were selected for this test bed and were 
compacted with eight roller passes using the Caterpillar IC roller.  Lane 2 was compacted in 
static mode while lane 3 was compacted using the low amplitude setting (a = 0.90 mm and f = 30 
Hz). The length of each testing lane was about 100 m. A summary of nominal machine settings 
is provided in Table 2. DCP-CBR, w(H), w(SDG), d(H), and d(SDG) Point-MVs were obtained at13 
test locations along each lane prior to compaction and after pass 8. ELWD-Z3, EBCD and EFWD-K3 

Point-MVs were obtained at 13 test locations along each lane after pass 8 only. EFWD-K3 tests 
performed at 11 locations along lane 3 yielded deflections that are greater than the upper 
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measurement range of the deflection sensors and were not reported in the output file. As a result 
EFWD-K3 measurements were available for only two point locations within lane 3.  The moisture 
content of the subbase material was relatively uniform (6 to 7%) for this test bed.  

 

         

2

34
Lane 5

TB5 TB4

 

Figure 29. Construction of TBs 4 and 5 gravel subbase material calibration test strips  

IC-MVs and Point-MVs – TB4 (Lanes 2 and 3) 

Spatial IC-MV (MDP40 and CMV) maps for each pass on lanes 2 and 3 are provided in 
Figure 30 and Figure 31, respectively. IC-MV plots for lanes 2 and 3 for passes 1, 2, 4, 6, and 8 
are provided in Figure 32. IC-MV plots in Figure 32 indicate that the MVs are repeatable and 
there is an increase in the IC-MVs with increasing roller passes indicating compaction.  
 
Average IC-MV and Point-MV compaction curves for lanes 2 and 3 are presented in Figure 33. 
The average MDP40, CMV, CBR, and d measurements generally increased with increasing roller 
pass indicating compaction.  DCP-CBR depth profiles obtained at pass 0 and 8 from each point 
location on lanes 2 and 3 are provided in Figure 34 and Figure 35, respectively. Average MDP40 
values for lane 2 compacted in static mode are on-average higher than the MDP40 values on lane 
3 compacted in low amplitude vibration mode.  The average ELWD-Z3 and EFWD-K3 values on lane 
2 after pass 8 are also higher than lane 3 (note that the average EFWD-K3 measurement for lane 2 is 
based on 13 measurements while for lane 3 is based on only 2 measurements). However, the 
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average relative compaction values are similar for lanes 2 and 3 after pass 8 (100 to 101% using 
d(H) about 103% using d(SDG) measurements).  
 
IC-MV plots in comparison with Point-MVs along lanes 2 and 3 after pass 8 are provided in 
Figure 36 to Figure 38.  Regression analysis between IC-MVs and Point-MVs by spatially 
pairing the nearest point data is presented in Figure 39 to Figure 41, and the relationships are 
summarized in Table 10. Regression relationships generally showed weak correlations with R2 
values ranging from 0.0 to 0.48. The narrow range of measurements for this test bed contributed 
to low R2 values.   
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Figure 30. MDP40 maps on lane 2 for passes 1 to 8 made in static mode – TB4 gravel 
subbase material 
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Figure 31. MDP40 (top) and CMV (bottom) maps on lane 3 for passes 1 to 8 made with a = 
0.90 mm setting – TB4 gravel subbase material 
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Figure 32. MDP40 and CMV plots on lanes 2 and 3 for different roller passes – TB4 gravel 
subbase material 
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Figure 33. Average IC-MV and Point-MV compaction curves on lanes 2 and 3 – TB4 gravel 
subbase material 



45 
 

 
CBR (%)

0 20 40 60 80 100

D
ep

th
 (

m
m

)

0

100

200

300

400

CBR (%)

0 20 40 60 80 100
0

100

200

300

400

CBR (%)

0 20 40 60 80 100
0

100

200

300

400

CBR (%)

0 20 40 60 80 100
0

100

200

300

400

0 20 40 60 80 100

D
ep

th
 (

m
m

)

0

100

200

300

400

0 20 40 60 80 100
0

100

200

300

400

0 20 40 60 80 100
0

100

200

300

400

0 20 40 60 80 100
0

100

200

300

400

0 20 40 60 80 100

D
ep

th
 (

m
m

)

0

100

200

300

400

0 20 40 60 80 100
0

100

200

300

400

Pass 0
Pass 8

(1) (2) (3) (4)

(5) (6) (7) (8)

(9) (10)

0 20 40 60 80 100
0

100

200

300

400
(11)

0 20 40 60 80 100
0

100

200

300

400
(12)

0 20 40 60 80 100
0

100

200

300

400
(13)

Base

Subgrade

Base

Subgrade

Base

Subgrade

Base

Subgrade

Base

Subgrade

Base

Subgrade

Base

Subgrade

Base

Subgrade

Base

Subgrade

Base

Subgrade

Base

Subgrade

Base

Subgrade

Base

Subgrade

 

Figure 34. DCP-CBR depth profiles before compaction and after eight roller passes on lane 
2 – TB4 gravel subbase material 
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Figure 35. DCP-CBR depth profiles before compaction and after eight roller passes on lane 
3 – TB4 gravel subbase material 
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Figure 36. Comparison between MDP40 and Point-MVs on lane 2 (static pass 8) – TB4 
gravel subbase material 

 

 



48 
 

0 10 20 30 40 50 60 70 80

M
D

P
40

60

80

100

120

140

160

E
LW

D
-Z

3 
(M

P
a

)

0

10

20

30

40

50

60
TB4: Lane 3, a = 0.90 mm Pass 8

0 10 20 30 40 50 60 70 80

M
D

P
40

60

80

100

120

140

160

C
B

R
B

as
e 

(%
)

-20

-10

0

10

20

30

40

0 10 20 30 40 50 60 70 80

M
D

P
40

60

80

100

120

140

160

 d
(H

) (
kN

/m
3 )

18

19

20

21

22

23

24
TB4: Lane 3, a = 0.90 mm Pass 8

0 10 20 30 40 50 60 70 80

M
D

P
40

60

80

100

120

140

160

w
(H

) (
%

)

2

4

6

8

10

12

0 10 20 30 40 50 60 70 80

M
D

P
40

60

80

100

120

140

160

 d
(S

D
G

) (
kN

/m
3 )

18

19

20

21

22

23

24

Distance (m)

0 10 20 30 40 50 60 70 80

M
D

P
40

60

80

100

120

140

160

w
(S

D
G

) (
%

)

2

4

6

8

10

12

Distance (m)

0 10 20 30 40 50 60 70 80
M

D
P

40
60

80

100

120

140

160

E
F

W
D

-K
3 
(M

P
a

)

0

50

100

150

200

95% standard Proctor density

95% standard Proctor density

Standard Proctor wopt

Standard Proctor wopt

 

Figure 37. Comparison between MDP40 and Point-MVs on lane 3 (a = 0.90 mm pass 8) – 
TB4 gravel subbase material 
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Figure 38. Comparison between CMV and Point-MVs on lane 3 (a = 0.90 mm pass 8) – TB4 
gravel subbase material 
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Figure 39. Regression relationships between MDP40 and Point-MVs (lane 2 pass 8 static) – 
TB4 gravel subbase material  



51 
 

d(H)(kN/m3)

18 19 20 21 22 23 24

M
D

P
40

0

50

100

150

200

R2 = 0.00

ELWD-Z3 (MPa)

0 50 100 150 200

M
D

P
40

0

50

100

150

200

R2 = 0.23

w(H)(%)

0 2 4 6 8 10

M
D

P
40

0

50

100

150

200

R2 = 0.00

d(SDG)(kN/m3)

18 19 20 21 22 23 24

M
D

P
40

0

50

100

150

200

R2 = 0.00

w(SDG)(%)

0 2 4 6 8 10

M
D

P
40

0

50

100

150

200

R2 = 0.00

EFWD-K3 (MPa)

0 100 200 300 400 500 600

M
D

P
40

0

50

100

150

200
Not enough data

CBRBase (%)

0 50 100 150 200 250

M
D

P
40

0

50

100

150

200

R2 = 0.46

 

Figure 40. Regression relationships between MDP40 and Point-MVs (lane 3 pass 8 a = 0.90 
mm) – TB4 gravel subbase material  
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Figure 41. Regression relationships between CMV and Point-MVs (lane 3 pass 8 a = 0.90 
mm) – TB4 gravel subbase material  
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Table 10. Summary of regression analysis – TB4 (lanes 2 and 3) gravel subbase material 

Relationship a (mm) n R2 

Lane 2    

MDP40 = -30.9 + 0.72 (d(H))
 Static 13 0.17 

MDP40 = 146.4 – 3.44 (w(H))
 Static 13 0.13 

MDP40 = 112.8 + 0.29 (ELWD-Z3) Static 13 0.11 

MDP40 = 127.7 – 0.08 (EBCD) Static 13 0.10 

MDP40 = 110.7 + 0.09 (EFWD-K3) Static 13 0.11 

MDP40 = 109.5 + 0.63 (CBRBase) Static 13 0.18 
Note: No statistically significant relationship between d(SDH) and w(SDH) Point-MVs and MDP40 

Lane 3    

MDP40 = 96.8 + 0.63 (ELWD-Z3) 0.90 12 0.23 

MDP40 = 86.8 + 1.11 (CBRBase) 0.90 12 0.46 
Note: No statistically significant relationship between d(H), w(H), d(SDH) and w(SDH) Point-MVs and MDP40 

CMV = -54.3 + 5.31 (d(SDH))
 0.90 12 0.29 

CMV = 39.8 + 3.57 (w(SDH))
 0.90 12 0.29 

MDP40 = 68.5 – 0.34 (ELWD-Z3) 0.90 12 0.10 

MDP40 = 81.3 – 0.95 (CBRBase) 0.90 12 0.48 

  

Test bed construction and in-situ testing – TB5 (Lanes 4 and 5) 

TB5 was located adjacent to TB4 with the same profile (Figure 29).  Two side-by-side 
lanes (lanes 4 and 5) were selected for this test bed and were subjected to eight roller passes 
using the Bomag IC roller.  Lane 4 was compacted in AFC mode (amax = 1.10, target EVIB = 150 
MPa, f = 30 Hz) while lane 5 was compacted in manual low amplitude mode (a = 0.70 mm and f 
= 30 Hz). DCP-CBR, w(H), w(SDG), d(H), and d(SDG) Point-MVs were obtained at 13 test locations 
within each lane prior to compaction and after pass 8. ELWD-Z3, EBCD and EFWD-K3 Point-MVs 
were obtained at13 test locations along each lane after pass 8. EFWD-K3 tests performed at one 
location in lane 4 and two locations in lane 5 produced deflections that are greater than the upper 
measurement range of the deflection sensors and were not reported in the output file. The 
moisture content of the subbase material was relatively uniform (6 to 7%).   

IC-MVs and Point-MVs – TB5 (Lanes 4 and 5) 

Spatial IC-MV (EVIB) maps for each pass on lanes 4 and 5 are provided in Figure 42 and 
Figure 43, respectively.  Line plots with EVIB, vibration amplitude, and jump measurements 
along lanes 4 and 5 for passes 1, 2, 4, 6, and 8 are provided in Figure 44. EVIB plots in Figure 44 
indicate that the MVs are repeatable and there is an increase in the MVs with increasing roller 
passes indicating compaction. No roller jumping (Jump = 0) was observed during manual or 
AFC mode compaction. Vibration amplitude averaged about 1.0 mm but varied between 0.6 to 
1.1 mm during AFC mode compaction.  
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Average EVIB, vibration amplitude, and Point-MV compaction curves for lanes 4 and 5 are 
presented in Figure 45.  The average EVIB, CBR, and d measurements generally increased with 
increasing roller passes indicating compaction. DCP-CBR depth profiles obtained at pass 0 and 8 
from each point location on lanes 4 and 5 are provided in Figure 46 and Figure 47, respectively. 
Average EVIB values on lane 4 compacted in AFC mode are on-average higher than the average 
EVIB values on lane 5 compacted in manual mode (presumably due to the lower vibration 
amplitude used for lane 5). The average amplitude decreased slightly with increasing EVIB values 
obtained in AFC mode.  After pass 8, the average ELWD-Z3 on lane 4 was about 1.6 times higher 
than on lane 5. However, after pass 8 the average relative compaction values are similar for lanes 
4 and 5 (about 101 using d(H) and about 104% using d(SDG) measurements).  
 
To assess the differences in compaction uniformity between AFC and manual mode operations, 
coefficient of variation (COV) of EVIB and Point-MVs after pass 8 are summarized in Table 11. 
Although the EVIB COV for lane 4 was lower than lane 5, Point-MVs did not show considerable 
difference in COV. Nevertheless, significant amplitude variations were not observed along the 
test strip compacted in AFC mode, likely because of the relatively low amax setting (amax = 1.10 
mm). This aspect should be further investigated in future projects with different amax and target 
EVIB settings. 
 
IC-MV plots in comparison with Point-MVs for lanes 4 and 5 after pass 8 are provided in Figure 
48 and Figure 49, respectively.  Regression analysis between EVIB and Point-MVs by spatially 
pairing the nearest point data is presented in Figure 50 and Figure 51, and the relationships are 
summarized in Table 12. With the exception of the EVIB vs. d(SDG) relationship with R2 = 0.49, 
all other relationships produced low R2 values and sometimes incorrect trends (e.g., EVIB vs. 
ELWD-Z3). The narrow range of measurements over which the measurements were obtained 
contributed to these findings.   
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Figure 42. EVIB maps on lane 4 for passes 1 to 8 made using AFC setting amax = 1.10 mm 
and target EVIB = 150 MPa  – TB5 gravel subbase material 
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Figure 43. EVIB maps on lane 5 for passes 1 to 8 made using a = 0.70 mm setting  – TB5 
gravel subbase material 
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Figure 44. EVIB plots on lanes 3 and 4 for different roller passes – TB5 gravel subbase 
material 
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Figure 45. Average EVIB and Point-MV compaction curves on lanes 4 and 5 – TB5 gravel 
subbase material 
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Figure 46. DCP-CBR depth profiles before compaction and after eight roller passes on lane 
4 – TB5 gravel subbase material 
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Figure 47. DCP-CBR depth profiles before compaction and after eight roller passes on lane 
5 – TB5 gravel subbase material 
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Table 11. Comparison of COV of IC-MV and Point-MVs for lanes 4 and 5 

MV (Pass 8) Lane 4 AFC COV(%) Lane 5 Manual COV(%) 
EVIB  12 24 
d(H)  2 2 
d(SDG)  2 2 
w(H)  10 10 
w (SDG)  7 8 
CBRBase 26 23 
ELWD-Z3 31 26 
EBCD 27 No measurements 
EFWD-K3 12 13 
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Figure 48. Comparison between EVIB and Point-MVs on lane 4 (AFC mode compaction amax 
= 1.10 mm and target EVIB = 150 MPa, pass 8) – TB5 gravel subbase material 
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Figure 49. Comparison between EVIB and Point-MVs on lane 5 (manual mode compaction a 
= 0.70 mm pass 8) – TB5 gravel subbase material 
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Figure 50. Regression relationships between EVIB and Point-MVs (lane 4 AFC mode 
compaction) – TB5 gravel subbase material  
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Figure 51. Regression relationships between EVIB and Point-MVs (lane 5 manual mode 
compaction, a = 0.70 mm) – TB5 gravel subbase material  
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Table 12. Summary of regression analysis – TB5 (lanes 4 and 5) gravel subbase material 

Relationship a (mm) n R2 
Lane 4    

EVIB = 480.7 – 15.95 (d(H))
 AFC 13 0.24 

EVIB = 166.5 – 0.79 (ELWD-Z3) AFC 13 0.40 

EVIB = 161.4 – 0.98 (CBRBase) AFC 13 0.19 
Note: No statistically significant relationship between w(H), d(SDH),w(SDH), EBCD, and EFWD-K3 Point-MVs 
and EVIB 
Lane 5    

EVIB = 874.1– 36.03 (d(H))
 0.70 13 0.23 

EVIB = 11.7 + 13.10 (w(H))
 0.70 13 0.11 

EVIB = -964.1 + 48.67 (d(SDH)) 0.70 13 0.49 

EVIB = -120.6 + 39.8 (w(SDH)) 0.70 13 0.48 
Note: No statistically significant relationship between EFWD-Z3, EFWD-K3, and CBRBase Point-MVs and EVIB

  

Summary of Key Findings 

Measurements from TB4 involved obtaining MDP40 and CMV IC-MVs and Point-MVs 
along two side-by-side lanes compacted in static mode and in low amplitude vibration mode. 
Results were analyzed using average IC-MV and Point-MV compaction curves, and by spatially 
pairing the point data with IC data for correlations. Following are some key findings from this 
test bed:  
 

 The average MDP40, CMV, CBR, and d measurements on both lanes generally increased 
with increasing roller pass indicating compaction.  

 The average MDP40 values obtained in static mode operation are on average about 1.1 
times higher than the MDP40 values obtained in low amplitude mode operation. The 
average ELWD-Z3 values obtained after pass 8 in the lane compacted in static mode is about 
1.6 times higher than in the lane compacted in low amplitude mode. However, the 
average relative compaction (100 to 101% using d(H) and  about 103% using d(SDG) 

measurements), and CBR values (about 21 to 22) are similar for the two lanes after pass 
8. 

 Regression relationships between MDP40 and CMV IC-MVs and Point-MVs showed 
weak correlations with R2 values ranging from 0.0 to 0.48. The narrow range of 
measurements over which the measurements were obtained is a key factor contributing to 
low R2 values.   

 
Measurements from TB5 involved obtaining EVIB IC-MVs and Point-MVs along two side-by-
side lanes compacted in AFC mode and in manual low amplitude mode. Results were analyzed 
using average IC-MV and Point-MV compaction curves, and by spatially pairing the point data 
with IC data for correlations. Following are some key findings from this test bed:  
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 The average EVIB, CBR, and d measurements on both lanes generally increased with 
increasing roller pass indicating compaction.  

 The average EVIB values obtained in AFC operation (a = 1.0 mm on average) are on-
average about 1.3 times higher than the average EVIB values obtained in manual mode 
operation (a = 0.6 mm). Average ELWD-Z3 values in the lane compacted in AFC mode 
were about 1.6 times higher than in the lane compacted in manual mode. However, the 
average relative compaction values (100 to 101% using d(H) about 103% using d(SDG) 

measurements), average EFWD-K3 values (about 116 MPa), and CBR values (about 20 to 
22) are similar for the two lanes after pass 8. 

 Although the EVIB values showed low COV with AFC operations compared to COV with 
manual mode operations, Point-MVs did not show considerable difference in the COV 
values.  

 For this test bed, the AFC operations (with settings amax = 1.10 mm and target EVIB = 150 
MPa) did not produce increased compaction or improved uniformity compared to manual 
mode a = 0.70 mm operations.  Significant amplitude variations were not observed along 
the test strip compacted in AFC mode, likely because of the relatively low amax setting. 
This aspect should be further investigated in future projects with different amax and target 
EVIB settings. 

 With the exception of EVIB vs. d(SDG) relationship with R2 = 0.49, all other relationships 
yielded weak correlations with low R2 values. The narrow range of measurements over 
which the measurements were obtained is considered a limiting factor in the correlations.   

TBs 6 and 7 Gravel Subbase Production Area Compaction – Bomag & Caterpillar 

Test bed construction and in-situ testing 

This test bed consisted of a production area with aggregate subbase material placed over 
the TB1 embankment material. A geosynthetic separation layer was placed over the TB 1 
materials prior to fill placement for TB 6 and 7.  Plan dimensions of the test bed are about 17 m x 
200 m. The area was compacted with two roller passes using the Caterpillar IC roller in the low 
amplitude settings (a = 0.90 mm) for, followed by four roller passes with the Bomag IC roller in 
the low amplitude setting (a = 0.70 mm).  Nominal machine settings during compaction are 
summarized in Table 2. After pass 6, some test locations were selected for Point-MVs (ELWD-Z3, 
EBCD, w(H), and d(H)) by NYDOT personnel using the IC map on the on-board display unit and 
were tested by the ISU research team. The test location selection process and review of on-board 
display IC maps provided hands-on experience to the NYDOT personnel and simulated a 
production operation.   
 
CMV and MDP40 IC-MV maps and histograms for passes 1 and 2 are shown in Figure 52 and 
Figure 53, respectively. The average CMV and MDP40 values increased from pass 1 to 2 (CMV 
– 53.9 to 67.6 and MDP – 106.7 to 110.9), indicating increasing compaction. EVIB IC-MV maps 
and histograms for passes 3 to 6 are shown in Figure 54 and Figure 55, respectively. The average 
EVIB values increased with increasing passes (EVIB – 64.7 to 80.2 from passes 3 to 6). 
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Figure 52. CMV and MDP40 spatial maps for passes 1 and 2 – TB6 gravel base material 
production compaction 
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Figure 53. Histograms of CMV and MDP40 values for passes 1 and 2 – TB6 gravel base 
material production compaction 
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Figure 54. EVIB spatial maps for passes 3 to 6 – TB6 gravel base material production 
compaction 
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Figure 55. Histograms of EVIB values for passes 1 and 2 – TB6 gravel base material 
production compaction 
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Geostatistical Analysis of IC-MVs 

Semivariograms of MDP40, CMV, and EVIB IC-MVs for all compaction passes are 
presented in Figure 56 and a summary of the spatial statistics (i.e., nugget, sill, and range) in 
comparison with the univariate statistics are provided in Table 13.  Similar to semivariograms for 
TB1, the experimental semivariograms of the IC-MVs in this test bed also showed nested spatial 
structures (except for one case) with short-range and long-range components. The pass 2 CMV 
experimental semivariogram did not exhibit a nested structure. A nested spherical variogram was 
fit to the experimental data.  Similar to findings in TB1, it is possible that the long-range spatial 
structure is a result of spatial variation in underlying support conditions while the short-range 
spatial structure is a result of soil properties close to the surface.   
 
The MDP40 and CMV semivariograms showed increased uniformity (with decreasing sill values) 
from pass 1 to 2 (see Table 13). This is also reflected in decreasing COV and standard deviation 
( values of MDP40 and CMV from pass 1 to 2 (see Table 13).  The EVIB semivariograms 
showed increased non-uniformity (with increasing sill values) from passes 3 to 5 and then 
increased uniformity (with decreasing sill values) from passes 5 to 6. This behavior is also 
reflected in the standard deviation values of EVIB as summarized in Table 13.  
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Figure 56. Semivariogram plots of IC-MVs for passes 1 to 6 – TBs6/7 gravel base material 
production compaction 
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Table 13. Summary of univariate and spatial statistics – TBs 6/7 embankment material 

Pass 

  
a 

(mm) 

Univariate Statistics Spatial Statistics   

MV n  
COV 
(%) Nugget Sill1 Range1 Sill2 Range2

1 MDP40 7735 0.90 106.7 11.1 10 55 98 15 115 80 

1 CMV 7735 0.90 53.9 16.6 31 150 255 4 273 30 

2 MDP 7754 0.90 110.9 9.3 8 50 73 12 83 85 

2 CMV 7754 0.90 67.6 15.3 23 170 235 12 — — 

3 EVIB 28574 0.70 64.7 18.1 28 80 260 10 407 63 

4 EVIB 28866 0.70 74.7 18.8 25 80 290 10 455 66 

5 EVIB 28228 0.70 78.4 19.7 25 110 320 12 480 66 

6 EVIB 27198 0.70 80.2 18.6 23 110 300 12 430 75 

 

Regression Analysis between IC-MVs and Point-MVs 

Regression analysis results between EVIB and Point-MVs obtained after pass 6 are 
presented in Figure 57 and the relationships are summarized in Table 14. Simple linear 
relationships showed the best fit for all Point-MVs. Relationships with ELWD-Z3 an EBCD showed 
good correlations with R2 values of about 0.50 and 0.44, respectively. EVIB relationship with d(H) 
showed the opposite trend, i.e., decreasing EVIB value with increasing d(H).  EVIB relationship 
with w(H) yielded a weak correlation (R2 = 0.27), but a trend of increasing EVIB with increasing 
moisture content.  Here again many of the data sets are captured over a narrow range of 
measurements. 

 

Table 14. Summary of regression analysis – TB7 gravel subbase material 

Relationship a (mm) n R2 

EVIB = 927.3 – 39.37 (d(H))
 0.70 9 0.32 

EVIB = -40.2 – 18.98 (w(H))
 0.70 9 0.27 

EVIB = 30.6 + 1.49 (ELWD-Z3) 0.70 9 0.49 

EVIB = -0.84 + 1.87 (EBCD) 0.70 9 0.49 
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Figure 57. Regression relationships between EVIB and Point-MVs (after pass 6) – TB7 
gravel subbase material  

Summary of Key Findings 

Measurements from TBs 6 and 7 involved IC-MV (MDP40, CMV, EVIB) maps for each 
compaction pass over a production area compacting gravel subbase material.  After pass 6, Point-
MVs (ELWD-Z3, EBCD, w(H), and d(H)) were obtained from 10 selected test locations using the IC-
MV map. Regression analysis was performed between IC-MVs and Point-MVs by spatially 
pairing the data and geostatistical analysis is performed on the spatial IC-MV data obtained from 
each pass. Following is a summary of key findings from these analyses: 
 

 Regression analysis results between IC-MVs and Point-MVs produced simple linear 
relationships. Relationships with ELWD-Z3 an EBCD yielded R2 values of about 0.50 and 
0.44, respectively. EVIB relationship with d(H) yielded a weak relationship.  EVIB vs. w(H) 
indicate some influence of moisture content on EVIB values R2 value = 0.27. 

 With the exception of CMV semivariogram for pass 2, all other semivariograms 
exhibited a nested spatial structure with short-range and long-range components. Similar 
to findings from TB1, a possible explanation for the long-range and short-range 
structures is attributed to spatial variation in underlying support conditions and spatial 
variation in soil properties close to the surface, respectively.   

 The MDP40 and CMV values showed increased uniformity (with decreasing sill, COV, 
and  values) from pass 1 to 2. The EVIB values showed increased non-uniformity (with 
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increasing sill and  values) from passes 3 to 5 and then increased uniformity (with 
decreasing sill and  values) from passes 5 to 6.  

TB9 Gravel Subbase Production Area Compaction – Caterpillar 

Test bed construction and in-situ testing 

The test bed consisted of aggregate subbase material placed over the geosynthetic 
separation layer and compacted embankment layer. The area was compacted with the Caterpillar 
IC roller using the low amplitude settings (a = 0.90 mm, f = 30 Hz). Compaction operations on 
the test bed were performed by the contractor.  The area was compacted in two different sections 
(TBs 9A and 9B). The TB9B area was located just south of TB9A.  The roller operator was 
trained on-site to make use of the on-board display unit and was reportedly instructed to perform 
two passes (one pass in forward direction and one pass in reverse direction) using the low 
amplitude setting.  Following the final pass, test locations were selected to obtain ELWD-Z3, EBCD, 
w(H), and d(H) Point-MVs using the IC-MV map.  
 
MDP40, CMV, and pass coverage maps after the final pass are shown in Figure 58 and Figure 59 
for TBs 9A and 9B, respectively. The pass coverage maps in Figure 58 and Figure 59 indicate 
that the operator made a minimum of two roller passes as instructed over the test areas and the 
resulting roller coverage was very uniform. Field observations on TB9B indicated that the dump 
trucks placing the fill followed a process of backing up in to the test bed area, dumping the fill, 
and returning back. A dozer was used to spread the material and then was compacted using the 
roller. The area that was used to dump the subbase fill material is highlighted on Figure 59 
produced somewhat higher CMV measurement values.   

Regression Analysis between IC-MVs and Point-MVs 

Regression analysis results between IC-MVs and Point-MVs obtained after the final pass 
are presented in Figure 60 and Figure 61, and the relationships are summarized in Table 15. 
Simple linear relationships showed the best fit for all Point-MVs. IC-MVs relationships with 
ELWD-Z3 an EBCD yielded R2 values ranging from 0.47 to 0.70. IC-MVs relationships with d(H) 

produced weak correlations with an opposite trend, i.e., decreasing IC-MV with increasing d(H).  
IC-MVs relationships with w(H) yielded R2 = 0.59.  

Summary of Key Findings 

Measurements from TB9 involved obtaining IC-MV (MDP40 and CMV) maps during 
compaction over a production area compacting gravel subbase and obtaining.  Point-MVs (ELWD-

Z3, EBCD, w(H), and d(H)) after the final pass using the IC-MV maps. The contractor operated the 
roller for this test bed. Regression analysis was performed between IC-MVs and Point-MVs by 
spatially pairing the data. Following is a summary of field observations and key findings from 
this test bed: 
 

 The pass coverage maps on the on-board display unit were successfully used by the roller 
operator  (contractor representative) to make a minimum of two roller passes as 
instructed over the test areas.  The resulting roller coverage was very uniform. 
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 A portion of the test bed area that was used to place the subbase fill material by the dump 
trucks produced somewhat higher CMV measurement values, suggesting additional 
compaction contributed by the construction traffic.   

 Regression analysis results between IC-MVs and Point-MVs showed simple linear 
relationships. IC-MVs relationships with ELWD-Z3 an EBCD yielded R2 values ranging from 
0.47 to 0.70. IC-MVs relationships with d(H) were weak.  IC-MVs vs. w(H) relationships 
were stronger with R2 = 0.59. 
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Figure 58. CMV and MDP40 spatial maps after final pass – TB9a gravel subbase material 
production compaction 
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Figure 59. CMV and MDP40 spatial maps after final pass – TB9b gravel subbase material 
production compaction (highlighted area subjected to truck traffic carrying/dumping the 

base material) 
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Figure 60. Regression relationships between CMV and Point-MVs (after final pass) – TB9A 
gravel subbase material  
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Figure 61. Regression relationships between MDP40 and Point-MVs (after final pass) – 
TB9A gravel subbase material  

 
 

Table 15. Summary of regression analysis – TB9 gravel subbase material 

Relationship a (mm) n R2 

CMV = 22.8 – 0.03 (d(H))
 0.90 7 0.39 

CMV = 8.0 – 0.03 (w(H))
 0.90 7 0.59 

CMV = -5.2 + 0.85 (ELWD-Z3) 0.90 7 0.70 

CMV = -6.3 + 0.58 (EBCD) 0.90 7 0.47 

MDP40 = 22.8 – 0.01 (d(H))
 0.90 7 0.38 

MDP40 = 8.0 – 0.01 (w(H))
 0.90 7 0.59 

MDP40 = -2.2 + 0.30 (ELWD-Z3) 0.90 7 0.58 

MDP40 = -6.3 + 0.22 (EBCD) 0.90 7 0.47 
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TB10 Embankment Material – Caterpillar and Bomag 

Test bed construction and in-situ testing 

This test bed consisted of embankment granular subgrade material with three adjacent roller 
lanes as indicated in Figure 62.  1.0 m wide x 0.3 m deep and 2.0 m wide x 1.0 m deep trenches 
at locations indicated in Figure 62 were scarified using a backhoe to create a loose uncompacted 
layer of embankment fill material. Lane 1 was compacted using the Caterpillar IC roller in 
manual low amplitude mode (a = 0.90mm and f = 30 Hz), lane 2 was compacted using the 
Bomag IC roller in AFC mode (amax = 1.10 mm and amax = 2.5 mm, target EVIB = 150 MPa, and f 
= 28 Hz), and lane 3 was compacted using the Bomag IC roller in manual low amplitude mode 
(a= 0.70mm and f = 30 Hz). Passes 1 to 8 were made at 4 km/h nominal speed and passes 9 and 
10 were made at 2 km/h nominal speed. Point-MVs (DCP-CBR, ELWD-Z3, EBCD, d(H), d(SDG), 
w(H), and w(SDG)) were obtained after 0, 1, 2, 8, and 10 roller passes on each lane.  2-m deep DCP 
tests were conducted in the 2-m deep trench area.  EFWD-K3 measurements were obtained after 
pass 8 along three lanes. EFWD-K3 measurements in the trench areas produced deflection values 
that are greater than the upper measurement range of the sensors and therefore are not reported.  

IC-MVs and Point MVs – Lane 1 

MDP40 measurements in lane 1 for multiple passes are provided in Figure 63. Due to very 
stiff conditions for most of the lane (except for locations of the trenches), drum jumping was 
observed. RMV measurements were not available in the output files and the CMV measurements 
could not be interpreted.  Therefore, CMV results are not presented for this test bed.  MDP40 
plots in comparison with Point-MVs for passes 1, 2, and 8 are presented in Figure 64 and Figure 
65. DCP-CBR depth profiles at three test locations each in the 1 m wide trench and the 2 m wide 
trench for passes 0, 1, 2, and 8 are presented in Figure 66.  CBR depth profiles in the 2 m wide 
trench indicate increasing compaction up to a depth of about 1 m below the surface after 8 
passes.  

 
Results showed relatively low MDP40 values in the trench areas compared to areas outside the 
trench.  The ELWD-Z3, EBCD, CBR300, and d(H) measurements also indicated low values in the 
trench areas compared to areas that are compacted.  Regression analysis results between MDP40 
and Point-MVs is presented in Figure 67. Correlation between MDP40 and ELWD-Z3, CBRBase, and 
EFWD-K3 Point-MVs yielded non-linear logarithmic relationships with R2 = 0.59 to 0.72. 
Relationships with d(H) and EBCD were weak. Moisture variation was minimal (5 to 7%) and 
therefore was not statistically significant in the analysis.   
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Figure 62. TB10 area with three lanes compacted using the IC rollers – 1 m and 2 m wide 
trenches excavation on either ends of the test bed 
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Figure 63. MDP40 plots for passes 1, 2, 5, 8, and 10 on TB10 along lane 1  
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Figure 64. Comparison between MDP40 and Point MVs after passes 1 and 2 on TB10 along 
lane 1  
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Figure 65. Comparison between MDP40 and Point MVs after pass 8 on TB10 along lane 1  
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Figure 66. DCP-CBR profiles after 0, 1, 2, and 8 roller passes on TB10 lane 1 (note test 
location numbers in parenthesis – (3), (4), and (5) in 1 m wide trench and (17), (18), and 

(19) in 2 m wide trench)  
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Figure 67. Regression relationships between MDP40 and Point-MVs – TB10 lane 1 
embankment material  

IC-MVs and Point MVs – Lanes 2 and 3 

EVIB measurements in lanes 2 and 3 for multiple passes are provided in Figure 68 and Figure 69, 
respectively. Vibration amplitude measurements on lane 2 compacted in AFC mode are also 
presented in Figure 68. Results from lane 2 indicate that when EVIB < 150 MPa, the amplitude is 
at amax = 1.10 mm for passes 1 to 8 and 2.50 mm for passes 9 to 10, and the amplitude is 
effectively reduced up to 0.60mm when EVIB > 150 MPa.  EVIB plots in comparison with Point-
MVs for passes 1, 2, 8, and 10 are presented in Figure 70 and Figure 71 for lane 2, and Figure 72 
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and Figure 73 for lane 3. DCP-CBR depth profiles at three test locations each in the 1 m wide 
trench and the 2 m wide trench for passes 0, 1, 2, 8, 10 are presented in Figure 74 for lane 2 and 
Figure 75 for lane 3. CBR profiles in the 2 m wide trench along lanes 2 and 3 indicate increasing 
compaction up to a depth of about 1 to 1.4 m below the surface after 8 passes. Results showed 
relatively low EVIB values in the trench areas compared to areas outside the trench.  The ELWD-Z3, 
EBCD, CBR300, and d(H) measurements showed a similar trend.   
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Figure 68. EVIB and amplitude plots for passes 1, 2, 5, 8, and 10 on TB10 along lane 2 
compacted using AFC mode 
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Figure 69. EVIB and amplitude plots for passes 1, 2, 5, 8, and 10 on TB10 along lane 3 
compacted using manual mode 

 
Regression analysis results between EVIB and Point-MVs from lanes 2 and 3 are presented in 
Figure 76 and Figure 77, respectively.  For lane 2 where EVIB values were obtained in AFC 
mode, regression relationships produced weak correlations between EVIB and all Point-MVs (R2 

< 0.5) with exception for relationship with EFWD-K3.  Also for lane 3 where EVIB values were 
obtained in manual mode, regression relationships produced weak correlations between EVIB and 
all Point-MVs (R2 < 0.5).  Results from lane 2 are expected to be influenced by amplitude 
(amplitude varied from 0.60 to 1.10 mm), and therefore are analyzed using multiple regression 
analysis to quantify the influence of amplitude on EVIB measurements. Results from multiple 
regression analysis are summarized in Table 16. The statistical significance of amplitude in the 
relationship is assessed using the p- and t-values as described earlier in the report. The results 
presented in Table 16 indicate that amplitude is significant for EVIB relationships with three 
Point-MVs (ELWD-Z3, EBCD, and d(H)) and also contribute to increased R2 values.  Note that in 
Table 16, the adjusted R2 values (for the number of parameters using Eq. 11) are reported to 
allow for comparison with R2 values from simple linear regression analysis.  
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Figure 70. Comparison between EVIB and Point MVs after passes 1 and 2 on TB10 along 
lane 2 

 
 



86 
 

E
V

IB
 (

M
P

a)

0

100

200

300

E
LW

D
-Z

3 
(M

P
a)

0

50

100

150

E
V

IB
 (

M
P

a
)

0

100

200

300

E
B

C
D
 (

M
P

a)

0

30

60

90

E
V

IB
 (

M
P

a)

0

100

200

300
C

B
R

 (
%

)

0

50

100

150

200

E
V

IB
 (

M
P

a
)

0

100

200

300

 d
 (

kN
/m

3 )

16

18

20

22

24

Distance (m)

0 10 20 30 40 50 60

E
V

IB
 (

M
P

a)

0

100

200

300

w
 (

%
)

0

2

4

6

8

10

E
V

IB
 (

M
P

a)

0

100

200

300

E
LW

D
-Z

3 
(M

P
a

)

0

50

100

150

E
V

IB
 (

M
P

a)

0

100

200

300

E
B

C
D
 (

M
P

a
)

0

30

60

90

E
V

IB
 (

M
P

a
)

0

100

200

300

C
B

R
 (

%
)

0

50

100

150

200

E
V

IB
 (

M
P

a)

0

100

200

300

 d
 (

kN
/m

3 )

16

18

20

22

24

Distance (m)

0 10 20 30 40 50 60

E
V

IB
 (

M
P

a
)

0

100

200

300

w
 (

%
)

0

2

4

6

8

10

1 m wide
trench

2 m wide 
trench

1 m wide
trench

2 m wide 
trench

Pass 8: amax = 1.1 mm and 

target EVIB = 150 MPa, v = 4 km/h

Pass 10: amax = 2.5 mm and 

target EVIB = 150 MPa, v = 2 km/h

95% standard Proctor density

Standard Proctor wopt

95% standard Proctor density

Standard Proctor wopt

 

Figure 71. Comparison between EVIB and Point MVs after passes 8 and 10 on TB10 along 
lane 2 
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Figure 72. Comparison between EVIB and Point MVs after passes 1 and 2 on TB10 along 
lane 3  
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Figure 73. Comparison between EVIB and Point MVs after passes 8 and 10 on TB10 along 
lane 3  
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Figure 74. DCP-CBR profiles after 0, 1, 2, and 8 roller passes on TB10 lane 2 (note test 
location numbers in parenthesis – (3), (4), and (5) in 1 m wide trench and (17), (18), and 

(19) in 2 m wide trench)  
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Figure 75. DCP-CBR profiles after 0, 1, 2, and 8 roller passes on TB10 lane 3 (note test 
location numbers in parenthesis – (3), (4), and (5) in 1 m wide trench and (17), (18), and 

(19) in 2 m wide trench)  
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Figure 76. Regression relationships between EVIB and Point-MVs (lane 2 AFC mode 
compaction a = 0.60 to 1.10 mm) – TB10 embankment material 
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Figure 77. Regression relationships between EVIB and Point-MVs (lane 3 manual mode a = 
0.70 mm) – TB10 embankment material 
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Table 16. Summary of multiple regression analysis – TB10 lane 2 

Model Term 
 

Estimate 
Std 

Error 
t 

Ratio 
Prob>t 

(p value) 
R2 

(adjusted) 
Amplitude 
significant? 

EVIB = b0 + b1 ELWD-Z3 + b2 a 
b0 61.69 21.17 2.91 0.0051   
b1 1.19 0.22 5.51 <0.0001 0.44 Yes 
b2 -17.94 11.92 -3.51 0.0374   

 b0 283.02 46.15 6.13 <0.0001   
EVIB = b0 + b1 EBCD + b2 a b1 1.27 0.35 3.66 0.0008 0.70 Yes 
 b2 -238.72 41.55 -5.75 <0.0001   
 b0 -330.30 101.86 -3.24 0.0022   
EVIB = b0 + b1 d(H) + b2 a b1 24.72 5.42 4.56 <0.0001 0.37 Yes 
 b2 -29.64 11.70 -2.53 0.0146   
 b0 87.46 24.42 3.58 0.0009   
EVIB = b0 + b1 CBR300 + b2 a b1 0.68 0.21 3.20 0.0027 0.30 No 
 b2 -16.86 15.71 -1.07 0.2899   
 b0 133.55 36.63 3.65 0.0065   
EVIB = b0 + b1 EFWD-K3 + b2 a b1 0.29 0.09 3.25 0.0117 0.64 No 
 b2 -47.35 33.51 -1.41 0.1954   

 Note: a parameter is considered statistically significant if p < 0.10 and t < -2 or > +2.  

Analysis of compaction in excavated trenches 

Average IC-MV and Point-MV compaction curves for the 0 m, 1 m, and 2 m trench areas 
on lanes 1, 2, and 3 are presented in Figure 78. The average compaction curves indicate that the 
average dry density, modulus, and CBR measurements generally increased with increasing roller 
passes up to pass 8 in the 1 m and 2 m trench areas. For the areas outside the trenches (e.g. 0 m 
trench) the values varied slightly with pass due to possible decompaction and recompaction.  In 
some cases the number of measurements for each pass also differed in the 0 m trench areas. A 
summary of average IC-MV and Point-MVs in the three areas after pass 8 are provided in Table 
17.  
 
No significant difference is noticed in the density of the material at the surface in the 1 m and 2 
m trenches in lane 2 compacted in AFC mode and lane 3 compacted in manual mode (91% 
relative compaction in the 1 m trench and 88 to 89% relative compaction in the 2 m trench).  
Similarly, ELWD-Z3 and CBR300 measurements did not show considerable differences (see Table 
17).  

 
DCP-CBR depth profiles presented in Figure 66, Figure 74, and Figure 75 for lanes 1, 2, and 3, 
respectively were analyzed to determine the depth of influence for compaction in the 2 m 
trenches. Average change (per each lane which constitutes three measurements in the 2 m trench) 
in CBR relative to pass 1 for compaction depths of 0 to 300 mm, 300 to 600 mm, 600 to 900 
mm, 900 to 1200 mm, and 1200 to 1500 mm are presented for lanes 1, 2, and 3 in Figure 79. 
Comparisons between changes in CBR depth profiles (relative to pass 1) are presented in Figure 
80. With exception of the CBR depth profile after pass 10 on lane 2, all other CBR profiles 
indicate that the incremental increase in CBR decreases with depth.  No considerable differences 
are observed in the CBR depth profiles between lane 2 compacted in AFC mode and lane 3 
compacted in manual mode.  
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Figure 78. Comparison of average (average over the distance of 1m wide trench, 2 m wide 
trench, and no trench areas) compaction curves of IC-MVs and Point MVs – TB10  
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Table 17. Summary of average IC-MVs and Point MVs for the 0 m, 1m, and 2m trench 
areas – TB10 lanes 1, 2, and 3 

MV 0 m trench 1 m trench 2 m trench 

Lane 1: a = 0.90 mm, f = 30 Hz  

MDP40 125.1 103.0 84.4 

d(H) (kN/m3) 18.71 18.43 18.58 

Relative compaction (%) 91 90 91 

w(H) (%) 5.7 4.9 5.8 

ELWD-Z3 (MPa) 49.6 35.4 27.1 

EBCD (MPa) 48.2 35.1 51.9 

CBR300 (%) 47.3 13.5 17.2 

Lane 2: AFC mode amax = 1.10 mm, f = 28Hz 

EVIB (MPa) 158.4 111.9 51.2 

d(H) (kN/m3) 19.73 18.52 18.13 

Relative compaction (%) 96 91 89 

w(H) (%) 5.1 4.8 6.2 

ELWD-Z3 (MPa) 76.7 37.5 26.3 

EBCD (MPa) 33.6 32.1 31.4 

CBR300 (%) 52.5 14.9 14.3 

Lane 3: a = 0.70 mm, f = 28Hz 

EVIB (MPa) 144.6 100.4 59.8 

d(H) (kN/m3) 19.87 18.65 18.03 

Relative compaction (%) 97 91 88 

w(H) (%) 5.1 4.6 6.8 

ELWD-Z3 (MPa) 91.1 39.0 29.0 

CBR300 (%) 87.3 15.3 15.2 
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Figure 79. Comparison between change in CBR at different depth increments relative to 
pass 1 in 2 m wide trench – TB10 lanes 1, 2, and 3 
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Figure 80. Comparison between incremental increase in CBR with depth relative to pass 1 
in the 2 m wide trench – TB10 lanes 1, 2, and 3 
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Summary of Key Points 

Construction of this test bed involved creating 1 m wide x 0.3 m deep and 2.0 m wide x 
1.0 m deep loose fill layer trenches in the compacted embankment subgrade. The test bed was 
divided into three lanes for compaction using the Bomag IC roller using AFC and manual modes, 
and the Caterpillar IC roller using manual low amplitude mode. Point-MVs were obtained at 
several intermediate passes to assess compaction of the loose material.  Regression analysis was 
performed between IC-MVs and Point-MVs by spatially pairing the data. DCP-CBR depth 
profiles were analyzed to assess the compaction influence depth with different roller operation 
modes. Following is a summary of field observations and key findings from this test bed: 
 

 Results demonstrated that the IC-MVs effectively identified the loose trench areas 
compared to the areas that were previously compacted.  The ELWD-Z3, EBCD, CBR300, and 
d(H) measurements also indicated comparatively low values in the trench areas.   

 Correlations between MDP40 and ELWD-Z3, CBRBase, and EFWD-K3 Point-MVs showed non-
linear logarithmic relationships with R2 = 0.59 to 0.72. Relationships with d(H) and EBCD 
yielded weaker correlations (R2 < 0.4). 

 Amplitude measurements in AFC mode indicate that when EVIB < 150 MPa, the 
amplitude is at the amax, and the amplitude is effectively reduced up to 0.60 mm when 
EVIB > 150 MPa.   

 Regression relationships between EVIB values and Point-MVs obtained in AFC mode and 
in manual mode yielded weak correlations (R2 < 0.5) with exception of the relationship 
with EFWD-K3 on lane 2.  EVIB results obtained in AFC mode were analyzed using multiple 
regression analysis to quantify the influence of amplitude on the regression relationships. 
Results indicate that amplitude is significant for EVIB relationships with three Point-MVs 
(ELWD-Z3, EBCD, and d(H)) and also contribute to improvement in the R2 values.   

 The compaction curves of average dry density, modulus, and CBR measurements 
generally increased with increasing passes up to pass 8 in the 1 m and 2 m trench areas. 
No significant difference was measured in terms of density of the material at the surface 
in the 1 m and 2 m trenches between lanes compacted using AFC mode and manual mode 
(91% relative compaction in the 1m trench and 88 to 89% relative compaction in the 2m 
trench).  Similarly, ELWD-Z3 and CBR300 measurements did not demonstrate considerable 
differences between AFC mode and manual mode compacted lanes.  

 Analysis of incremental increase in CBR relative to pass 1 in the 2 m trench for different 
compaction depths did not present considerable differences between AFC mode and 
manual mode compaction.  
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COMBINED REGRESSION ANALYSIS  

Data presented above captured IC-MVs and corresponding Point-MVs over a wide measurement 
range.  The data from multiple test beds are combined in this section to develop site wide 
correlation results.  As discussed above, many of the test bed results only represented a narrow 
range of measurement values. Combining results should provide a perspective on more general 
trends and associated variability. 
 
Relationships between MDP40 obtained in low amplitude setting (a = 0.90 mm, f = 30 Hz) and 
various Point-MVs are presented in Figure 81. Non-linear logarithmic relationships showed the 
best fit for all Point-MVs. Relationships with ELWD-Z2, ELWD-Z3, EFWD-K3, and CBR showed good 
correlations with R2 values > 0.60.  Correlation with EBCD showed relatively low R2 value (0.10).  
Similar non-linear logarithmic relationships between MDP40 obtained in static mode and ELWD-Z3 
and EFWD-K3 Point-MVs are presented in Figure 82.  These relationships also yielded good 
correlations with R2 values > 0.70.   
 
Non-linear power relationships between CMV obtained in low amplitude setting (a = 0.90 mm, f 
= 30 Hz) and ELWD-Z2 and CBR Point-MVs are presented in Figure 83. Due to limited 
measurements and the narrow measurement range, these relationships yielded relatively weak 
correlations with R2 values < 0.40.   
 
Simple linear relationships between EVIB obtained in the low amplitude setting (a = 0.70 mm, f = 
28 Hz) and ELWD-Z3 and EFWD-K3 Point-MVs are presented in Figure 84. These relationships 
produced correlations with R2 values > 0.7.   
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Figure 81. Regression analysis between MDP40 (a = 0.90 mm, f = 30 Hz, and v = 4 km/h) 
and Point-MVs combining data from different test beds  
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Figure 82. Regression analysis between MDP40 (static mode and v = 4 km/h) and Point-MVs 
combining data from different test beds  
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Figure 83. Regression analysis between CMV (a = 0.90 mm, f = 30 Hz, and v = 4 km/h) and 
Point-MVs combining data from different test beds  
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Figure 84. Regression analysis between EVIB (a = 0.70 mm, f = 28 Hz, and v = 4 km/h) and 
Point-MVs combining data from different test beds  

 
CORRELATIONS BETWEEN IN-SITU POINT MEASUREMENTS 

Several different in-situ test methods were employed in this field study to determine 
elastic modulus, dry unit weight, and moisture content properties of the embankment subgrade 
and base materials. Although different in-situ test devices measure a similar property, it is 
important to understand how measurements from different in-situ test devices correlate with each 
other. This section presents relationships between modulus, dry unit weight, and moisture 
content measurements obtained from different test devices.  
 
Five different test devices were used to determine elastic modulus: (a) 200 mm Zorn LWD; (b) 
300 mm Zorn LWD; (c) BCD; (d) KUAB FWD; and (e) static PLT. Regression relationships 
between modulus measurements obtained from these five different devices are presented in 
Figure 85. Relationship between 200 mm and 300 mm LWD measurements indicated that ELWD-

Z2 measurements are on average 1.3 times greater than ELWD-Z3 measurements. The measurements 
are in line with similar relationships documented by Vennapusa and White (2009). Possible 
reasons for this difference in modulus between ELWD-Z2 and ELWD-Z3 measurements are:  
 

1. influence of plate diameters on ELWD – decreasing plate diameter causes an increase in 
ELWD.  

2. differences is measurement influence depths between the two different plate diameters – 
influence depth is generally assumed to be approximately 1 to 1.5 times the plate 
diameter.  

3. differences in applied contact stresses – applied contact stress for the 200 mm LWD = 0.2 
MPa while the applied contact stress for 300 mm plate LWD = 0.1 MPa. Increasing 
applied contact stresses result in higher ELWD values for granular materials (see 
Vennapusa and White 2009).  

 
Relationship between FWD and LWD indicated that EFWD-K3 is on average about 3.4 times 
greater than ELWD-Z3 measurements. Possible reasons for this difference are:  
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1. differences in type and location of deflection measurement sensors – KUAB FWD uses 

geophone sensors placed on the ground through a hole at the center of the plate while 
Zorn LWD uses accelerometer sensor within the plate to measure deflections. Based on 
extensive field measurements, Vennapusa and White (2009) concluded that LWD devices 
that use accelerometers that measure deflection of the plate are expected to measure 
larger deflections compared to devices that measure deflections on the ground with a 
geophone.  

2. differences in applied contact stresses – applied contact stress for the 300 mm FWD = 0.6 
to 1.2 MPa while the applied contact stress for the 300 mm plate LWD = 0.1 MPa.  

 
Relationships between ELWD-Z3 vs. EBCD, and EFWD-K3 vs. EV1 and EV2 produced weak correlations 
(R2 = 0.10 to 0.13). Primary reason for weak correlations between ELWD-Z3 and EBCD is attributed 
to the difference in the applied contact stresses. According to Briaud et al. (2006), EBCD is 
determined using a minimum applied contact stress of about 0.01 MPa while the applied contact 
stress for the 300 mm plate LWD is about 10 times higher (0.1 MPa). Weak correlations between 
EFWD-K3 and EV1 or EV2 is in part attributed to the limited number of measurements (n = 23) and 
the limited measurement range over which the tests were performed (all the tests were performed 
on very stiff material EV1 > 250 MPa).  
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Figure 85. Correlations between modulus measurements obtained from different in-situ 
test devices used in this study 
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Three different test devices were used to determine dry unit weight (d) and moisture content (w): 
(a) Troxler nuclear gauge; (b) Humboldt nuclear gauge; and (c) Transtech’s soil density gauge. 
Regression relationships between dry unit weight and moisture measurements obtained from 
these three different devices are presented in Figure 86 and Figure 87, respectively.  
 
Relationship between d(H) and d(T) produced strong correlation with R2 = 0.73. However, on 
average the d(T) measurements were about 1.04 times greater than d(H) measurements.  
Relationship between w(H) and w(T) yielded weak correlation with R2 = 0.10. On average the w(H) 
measurements were about 1.7 times greater than w(T) measurements.  
 
Relationship between d(H) and d(SDG) produced weak correlation with R2 = 0.41. On average the 
d(SDG) measurements were about 1.02 times greater than d(H) measurements. No statistically 
significant relationship was identified between w(H) and w(SDG).  Relationship between d(SDG) and 
d(T) also produced a weak correlation with R2 = 0.27. However, the measurements were 
scattered around the line of equality.  Relationship between w(H) and w(T) similarly produced 
weak correlation with R2 = 0.10. On average the w(SDG) measurements were about 1.2 times 
greater than w(T) measurements.  
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Figure 86. Correlations between density measurements obtained from in-situ test devices 
used in this study 
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Figure 87. Correlations between moisture content measurements obtained from in-situ test 
devices used in this study 

 
FIELD DEMONSTRATION – OPEN HOUSE 

An open house was conducted on 05/21/2009 as part of this field investigation which included 
dissemination of results from previous IC field studies and results from the current field study as 
part of a presentation.   Demonstration of the two IC rollers, a tour of the Iowa State University 
geotechnical mobile lab with several laboratory and in-situ testing methods were conducted at 
the project location.  About 50 people attended the open house including New York DOT, 
contractor, and roller manufacturer personnel. Photographs from the open house are presented in 
Figure 88. Some of the attendees operated the IC rollers and received hands-on-experience.  
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Figure 88. Photographs from open house on the project site  
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SUMMARY AND CONCLUSIONS 

Results from a field study conducted on the US219 project in Springville, NY from May 
17–21, 2009 are presented in this report. The project involved evaluating Caterpillar CS-683 and 
Bomag BW213-DH IC rollers by comparing the IC-MVs with various in-situ Point-MVs (i.e., 
LWD, FWD, PLT, DCP, BCD, NG, and SDG). A total of 10 test beds involving calibration and 
production compaction operations were constructed. IC-MVs maps on the on-board computer 
display unit were used in selecting field QA test locations. Several NYDOT and contractor 
personnel received hands-on experience in operating the IC rollers and various in-situ testing 
methods to evaluate compaction quality of earthwork materials. On one test bed with production 
operations, the contractor utilized the on-board display to obtain uniform pass coverage over the 
test bed area. 
 
Results obtained from various test beds contributed to developing empirical relationships 
between IC-MVs and various in-situ test measurements. Empirical correlations between IC-MVs 
and different Point-MVs generally showed weak correlations when evaluated independently for 
each test bed. The narrow range of measurements over which the measurements were obtained 
was the key factor contributing to weak correlations. When data are combined for site-wide 
correlations with a wide measurement range, the correlations improve. IC-MVs generally 
correlated better with modulus/stiffness and CBR Point MVs than with dry density Point MVs. 
Correlations between IC-MVs and EFWD-K3 Point MVs strongest correlation coefficients.   
 
Performance of AFC compaction operations in comparison with conventional operations using 
the Bomag IC roller were evaluated as part of this study. Following are some key observations:  
 

 TB 3: Amplitude measurements along the test strip indicated that when EVIB < target 
EVIB, the amplitude is at the amax, and the amplitude is effectively reduced to 0.60 mm 
when EVIB > target EVIB. However, roller jumping was still observed at several short 
segmented sections along the test strip. 

 TB 5: In this test bed two side-by-side lanes were compacted in manual a = 0.70 mm 
mode and AFC mode (amax = 1.10 mm, target EVIB = 150 MPa). The average EVIB values 
obtained in AFC mode (a = 1.0 mm on average) are on-average about 1.3 times higher 
than the average EVIB values obtained in manual mode operation.  Average ELWD-Z3 values 
in the lane compacted in AFC mode were about 1.6 times higher than in the lane 
compacted in manual mode. However, the average relative compaction values, average 
EFWD-K3 values, and CBR values are similar for the two lanes after pass 8. Although the 
EVIB values showed low COV with AFC operations compared to COV with manual mode 
operations, Point-MVs did not show considerable difference in the COV values.  More 
testing is recommended in future projects with different amax and target EVIB settings to 
further evaluate AFC mode compaction operations with variable subsurface conditions. 

 TB 10: In this test bed, deep trenches were excavated and compacted in side-by-side 
lanes using manual and AFC settings. The compaction curves of average dry density, 
modulus, and CBR measurements generally increased with increasing passes up to pass 8 
in the trench areas. However, no significant difference was measured in terms of density 
of the material at the surface in the trenches between lanes compacted using AFC mode 
and manual mode (91% relative compaction in the 1m trench and 88 to 89% relative 
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compaction in the 2m trench).  Similarly, ELWD-Z3 and CBR300 measurements did not 
demonstrate considerable differences between AFC mode and manual mode compacted 
lanes. Analysis of incremental increases in CBR with depth relative to pass 1 in the 2 m 
wide x 1 m deep trench did not present considerable differences between AFC mode and 
manual mode compaction.  

 
To study the influence of amplitude on MDP40 IC-MVs, two side-by-side gravel subbase lanes 
were compacted in static and low amplitude modes.  The average MDP40 values obtained in 
static mode are on average about 1.1 times higher than the MDP40 values obtained in low 
amplitude mode. The average ELWD-Z3 values obtained after pass 8 in the lane compacted in static 
mode is about 1.6 times higher than in the lane compacted in low amplitude mode. However, the 
average relative compaction and CBR values are similar for the two lanes after pass 8.  
 
Geostatistical analysis methods were utilized to analyze spatially referenced IC-MV data to 
assess spatial non-uniformity of compacted fill materials.  Some IC-MV data sets showed nested 
semivariogram structures with short-range and long-range components. It is possible that the 
long-range components are because of differences in the underlying support conditions (i.e., 
shredded tire fill at depths < 1 m) while the short-range components are a result of spatial 
variations of soil properties close to surface. Additional studies are needed to better understand 
this finding.   
 
Five different test devices were used to determine elastic modulus: (a) 200 mm Zorn LWD; (b) 
300 mm Zorn LWD; (c) BCD; (d) KUAB FWD; and (e) static PLT. Regression relationships 
between modulus measurements obtained from these five different devices are presented in this 
report. Some key findings from these relationships are as follows: 
 

 Relationships between 200 mm and 300 mm LWD measurements indicated that ELWD-Z2 

measurements are on average 1.3 times greater than ELWD-Z3 measurements. Differences 
in modulus between ELWD-Z2 and ELWD-Z3 measurements are attributed to:  (a) different 
plate diameters; (b) differences in measurement influence depths; and (c) differences in 
applied contact stresses.   

 Relationship between FWD and LWD indicated that EFWD-K3 is on average about 3.4 
times greater than ELWD-Z3 measurements. Differences are attributed to: (a) type and 
location of deflection measurement sensors; and (b) applied contact stresses.  

 Relationships between ELWD-Z3 vs. EBCD, and EFWD-K3 vs. EV1 and EV2 produced weak 
correlations (R2 = 0.10 to 0.13). Weak correlations between ELWD-Z3 and EBCD are 
attributed to the difference in the applied contact stresses. ELWD is determined using 
contact stresses that are about10 times higher than contact stresses applied to determine 
EBCD.  Weak correlations between EFWD-K3 and EV1 or EV2 are in part attributed to the 
limited number of measurements (n = 23) and the limited measurement range over which 
the tests were performed (all the tests were performed on very stiff material EV1 > 250 
MPa).  

 
Three different test devices were used to determine dry unit weight and moisture content: (a) 
Troxler nuclear gauge; (b) Humboldt nuclear gauge; and (c) Transtech’s soil density gauge. 
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Regression relationships between dry unit weight and moisture measurements obtained from 
these three different devices are presented in this report. Some key findings are as follows: 
 

 Relationship between d(H) and d(T) produced strong correlation with R2 = 0.73. However, 
on average the d(T) measurements were about 1.04 times greater than d(H) measurements.  
Relationship between w(H) and w(T) yielded weak correlation with R2 = 0.10. On average 
the w(H) measurements were about 1.7 times greater than w(T) measurements.  

 Relationship between d(H) and d(SDG) produced weak correlation with R2 = 0.41. On 
average the d(SDG) measurements were about 1.02 times greater than d(H) measurements. 
No statistically significant relationship was identified between w(H) and w(SDG).   

 Relationship between d(SDG) and d(T) also produced a weak correlation with R2 = 0.27. 
However, the measurements were scattered around the line of equality.  Relationship 
between w(H) and w(T) similarly produced weak correlation with R2 = 0.10. On average the 
w(SDG) measurements were about 1.2 times greater than w(T) measurements.  

 
The results from this study provided new information that demonstrates the potential advantages 
of implementing IC roller operations and various in-situ testing methods into earthwork 
construction QC/QA practice.  Additional studies are needed to evaluate options for 
implementing these technologies into specifications.
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Test Bed # 1 (05/17/2009) Photos

Description: The test bed consisted of  compacted 
embankment granular subgrade material with 
plan dimensions of  approximately 18 m x 200 m. 
Reportedly, the embankment material was 
underlain by rubber tires at depths < 1m below 
the grade. The area was mapped in eight roller 
lanes using Caterpillar  IC roller for three passes. 
MDP40 and CMV measurement values were 
obtained f rom the IC roller. Nominal machine 
settings during passes are provided below. In-situ 
point measurements (ELWD-Z2, DCP-CBR) were 
performed at 10 test locations selected using the 
IC-MV map. The objectives of  testing on this test 
bed were to obtain correlations between IC 
measurement values (IC-MVs) MDP40 and CMV 
and in-situ point measurements.

Machine Nominal settings:
Pass 1 (static) – v = 4 km/h
Pass 2 (low amp) – a = 0.90 mm, f = 30 Hz, v = 4 km/h
Pass 3 (low amp) – a = 0.90 mm, f = 30 Hz, v = 4 km/h

Accelerated Implementation of IC Technology for Embankment Subgrade Soils, 
Aggregate Base, and Asphalt Pavement Materials

Iowa State University Research Team Field Testing, U219, Springville, New York

Caterpillar roller used on the test bed

In-situ testing methods used on the test bed: LWD 
(left) and DCP (right)
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Photograph of the test bed
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Test Bed # 2 (05/18/2009) Photos

Description: The test bed consisted of  compacted 
embankment granular subgrade material with 
plan dimensions of  approximately 18 m x 71 m. 
The test bed was connected to the south end of  
TB1. Reportedly, the embankment material was 
underlain by rubber tires at depths < 1m below 
the grade in the northern half  of  the test bed. The 
area was mapped in eight roller lanes using 
Caterpillar IC roller for two passes. MDP40 and 
CMV measurement values were obtained f rom 
the IC roller. Nominal machine settings during 
passes are provided below. In-situ point 
measurements (ELWD-Z2, DCP-CBR, w(H), w(SDG), 
 d(H),  d(SDG)) were performed at 7 test locations 
selected using the IC-MV map. The objectives of  
testing on this test bed were to obtain correlations 
between IC measurement values (IC-MVs) 
MDP40 and CMV and in-situ point measurements.

Machine Nominal settings:
Pass 1 (static) – v = 4 km/h
Pass 2 (low amp) – a = 0.90 mm, f = 30 Hz, v = 4 km/h

Accelerated Implementation of IC Technology for Embankment Subgrade Soils, 
Aggregate Base, and Asphalt Pavement Materials

Iowa State University Research Team Field Testing, U219, Springville, New York

Caterpillar roller used on the test bed

In-situ testing methods used on the test bed: 
Humboldt NG (top left), Transtech’s SDG (top 

right), LWD (bottom left) and DCP (bottom right)

Spatial maps of IC-MVs (MDP40 and CMV) for 
passes 1 and 2

Embankment 
subgrade material
underlain by rubber 

tire fill
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Test Bed # 3 (05/18/2009) Photos

Description: The test bed consisted of  compacted 
embankment granular subgrade material with 
plan dimensions of  approximately 10 m x 105 m.  
First, the area was mapped in a manual low 
amplitude mode for one pass and then in an 
automatic feedback control (AFC) mode for one 
pass. In-situ point measurements (ELWD-Z2 and 
ELWD-Z3) were performed along lane 3 at 62 test 
locations af ter pass 2. Following testing, Lane 3 
for two more passes in dif ferent amplitude 
settings. The objectives of  testing on this test bed 
were to evaluate inf luence of  amplitude on EVIB

values and obtain correlations between EVIB and 
in-situ point measurements.

Machine Nominal settings:
Pass 1 (Manual) – a = 0.70 mm, f = 28 Hz, v = 4 km/h
Pass 2 (Auto) – amax = 1.90 mm, f = 28 Hz, v = 4 km/h
Pass 3 (Manual) – a = 0.70 mm, f = 28 Hz, v = 4 km/h
Pass 4 (Manual) – a = 1.50 mm, f = 28 Hz, v = 4 km/h

Accelerated Implementation of IC Technology for Embankment Subgrade Soils, 
Aggregate Base, and Asphalt Pavement Materials

Iowa State University Research Team Field Testing, U219, Springville, New York

Bomag roller used on the test bed

In-situ testing methods used on the test bed: 200-
mm (left) and 300-mm (right) diameter LWDsSpatial maps of IC-MVs (EVIB) for different passes
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Test Beds # 4 and 5 (05/18/2009) Photos

Description: TBs 4 and 5 consisted of  
approximately 200 to 250 mm thick loosely 
placed aggregate subbase material over 
geofabric partially placed on top of TBs 1 and 2. 
The area was compacted in six roller lanes for 
eight roller passes. Lanes 1, 2, and 3 were 
compacted using Caterpillar IC roller and Lanes 
4, 5, and 6 were compacted using Bomag IC 
roller using dif ferent amplitude settings. Nominal 
machine settings during compaction passes are 
provided below. In-situ point measurements 
(ELWD-Z3, EBCD, DCP-CBR, w(H), w(SDG), w(T),  d(H), 
 d(SDG),and d(T)) were performed at 13 test 
locations along lanes 2, 3, 4, and 5 at passes 0 
and 8.The objectives of  testing on this test bed 
were to obtain IC-MV compaction curves and 
correlations between IC measurement values (IC-
MVs) MDP40,CMV, EVIB and in-situ point 
measurements.

Machine Nominal settings:

Test Bed 4 (Caterpillar):
Lane 2: Pass 1 to 8 (static) – v = 4 km/h
Lane 3: Pass 1 to 8 (low amp) – a = 0.90 mm, f = 30 
Hz, v = 4 km/h

Test Bed 5 (Bomag):
Lane 4: Pass 1 to 8 (AFC mode) – amax = 1.10 mm, 
EVIB = 150 MPa, f = 28 Hz, v = 4 km/h
Lane 5: Pass 1 to 8 (low amp) – a = 0.70 mm, f = 28 
Hz, v = 4 km/h

Accelerated Implementation of IC Technology for Embankment Subgrade Soils, 
Aggregate Base, and Asphalt Pavement Materials

Iowa State University Research Team Field Testing, U219, Springville, New York

Caterpillar roller used on TB4

2

34
Lane 5

TB5
TB4

Bomag roller used on TB5
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Construction/Testing Photos – Test Beds # 4 and 5 (05/18/2009)

Accelerated Implementation of IC Technology for Embankment Subgrade Soils, 
Aggregate Base, and Asphalt Pavement Materials

Iowa State University Research Team Field Testing, U219, Springville, New York

In-situ testing methods used on the test bed
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MDP40 and CMV spatial maps for different passes – Test Bed 4 (05/18 to 05/19/2009)

Accelerated Implementation of IC Technology for Embankment Subgrade Soils, 
Aggregate Base, and Asphalt Pavement Materials

Iowa State University Research Team Field Testing, U219, Springville, New York
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EVIB spatial maps for different passes – Test Bed 5 (05/18 to 05/19/2009)

Accelerated Implementation of IC Technology for Embankment Subgrade Soils, 
Aggregate Base, and Asphalt Pavement Materials

Iowa State University Research Team Field Testing, U219, Springville, New York
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Test Beds # 6 and 7 (05/19/2009) Photos

Description: The test bed consisted of  a 
production area with aggregate subbase material 
placed over geofabric on top of TB1 embankment 
material. The area was compacted using 
Caterpillar IC roller for two passes followed by 
four passes  using Bomag IC roller. Nominal 
machine settings during compaction are provided 
below. Af ter pass 6, some locations were 
selected for point measurements by NYDOT 
personnel using IC maps and were tested by ISU 
research team. Point measurements included 
ELWD-Z3, EBCD, DCP-CBR, w(H), and d(H). The 
objectives of  testing on this test bed were to 
demonstrate the use of  IC-MV maps to determine 
locations for testing for NYDOT personnel and 
obtain correlations between IC-MVs (CMV and 
MDP40) and in-situ point measurements.

Machine Nominal settings:
Test Bed 6 (Caterpillar):
Pass 1, 2 (low amp) – a = 0.90 mm, f = 30 Hz, v = 4 
km/h
Test Bed 7 (Bomag):
Pass 3 to 6 (low amp) – a = 0.70 mm, f = 28 Hz, v = 4 
km/h

Accelerated Implementation of IC Technology for Embankment Subgrade Soils, 
Aggregate Base, and Asphalt Pavement Materials

Iowa State University Research Team Field Testing, U219, Springville, New York

Spatial maps of IC-MVs (MDP40 and CMV) for 
passes 1 and 2
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Test Bed # 8 (05/19/2009) Photos

Description: The test bed is located in the same 
area as TB 3 with compacted embankment 
granular subgrade material over plan dimensions 
of  approximately 10 m x 100 m.  The area was 
mapped in static and low amplitude settings. Just 
prior to mapping passes, FWD test 
measurements were obtained at 88 test locations 
and static plate load test measurements were 
obtained at 23 test locations along the testing 
lane. The objectives of  testing on this test bed 
were to obtain correlations between IC-MVs 
(CMV and MDP40) and in-situ point 
measurements. 

Machine Nominal settings: (pass number s continue 
from TB3
Pass 6 (low amp) – a = 0.90 mm, f = 30 Hz, v = 4 km/h
Pass 6 (static) – v = 4 km/h

Accelerated Implementation of IC Technology for Embankment Subgrade Soils, 
Aggregate Base, and Asphalt Pavement Materials

Iowa State University Research Team Field Testing, U219, Springville, New York

Caterpillar roller used on the test bed

Static Plate Load Test

Spatial maps of MDP40 for passes 1 and 2

Testing 
Lane 

KUAB FWD 
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Test Bed # 9 (05/19/2009) Photos

Description: The test bed consisted of  aggregate 
subbase material placed over geofabric on top of 
a compacted embankment layer. The area was 
compacted using Caterpillar IC roller by the 
Contractor personnel using low amplitude setting. 
The area was compacted in two dif ferent sections 
(TBs 9A and 9B). The dump trucks with f ill 
material backed up to the test area, placed the f ill, 
and returned, contributing to compaction of  fill 
material to some extent. MDP40 and CMV maps 
af ter f inal pass are shown in the f igures below. 
Af ter f inal pass some locations were selected for 
ELWD-Z3, EBCD, DCP-CBR, w(H), and  d(H) point 
measurements.  The objectives of  testing on this 
test bed were to provide hands-on experience to 
the Contractor and NYDOT personnel with IC 
technology, demonstrate the use of  IC-MV maps 
to determine the locations for testing, and obtain 
correlations between IC-MVs (CMV and MDP40) 
and in-situ point measurements.

Accelerated Implementation of IC Technology for Embankment Subgrade Soils, 
Aggregate Base, and Asphalt Pavement Materials

Iowa State University Research Team Field Testing, U219, Springville, New York

Spatial maps of IC-MVs (MDP40 and CMV) for final pass 
and pass count map

MDP Final Pass

MDP40

>140
130
120
110
100
90
0

19
0 

m

Pass
Count

CMV Final Pass

CMV
>100
80
60
40
20
0

Passes
>9
8
7
6
5
4
3
2
1

MDP40

>140
130
120
110
100
90
0

76
 m

CMV
>100
80
60
40
20
0

Passes
>9
8
7
6
5
4
3
2
1

MDP40 Final Pass
Pass Count CMV Final Pass

In-situ testing methods: DCP (top 
left), LWD (top right), Humboldt 

NG (bottom left), and BCD 
(bottom right)

Area with
truck traffic 

Truck traffic 
contributing to 
compaction

Pass Count 
Map TB9A

TB9B

 



A-11 
 

Test Bed # 10 (05/20/2009) Photos

Description: The test bed consisted of  
embankment granular subgrade material with 
approximate plan dimensions as shown in the 
f igure below. A 1-m wide x 1-m deep trench and a 
2-m wide x 2-m trench were scarif ied using a 
backhoe to create a loose uncompacted layer of  
embankment f ill material. Lane 1 was compacted 
using Caterpillar IC roller in low amplitude setting, 
lane 2 was compacted using Bomag IC roller in 
AFC mode, and lane 3 was compacted using 
Bomag IC roller in low amplitude setting.  In-situ 
point measurements (DCP, LWD, NG, SDG,BCD, 
and FWD) were obtained af ter 0, 1, 2, 8, and 10 
roller passes on each lane.  2-m deep DCP tests 
were conducted in the 2-m deep trench area.  
The objectives of  testing on this test bed were to 
evaluate impact of  lif t thickness on IC roller 
values and compaction ef f iciency, better 
understand the compaction inf luence depth, 
evaluate impact of  automatic feedback control 
(AFC) mode compaction for variable conditions, 
and obtain correlations between IC-MVs and 
point measurements. 

Accelerated Implementation of IC Technology for Embankment Subgrade Soils, 
Aggregate Base, and Asphalt Pavement Materials

Iowa State University Research Team Field Testing, U219, Springville, New York

Bomag and Caterpillar rollers used on the test bed

Plan View
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Trench widths = 1 m and 2m 
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NYSDOT - Project Goals

1. Document impact of variable feedback control on compaction uniformity

2. Document machine vibration amplitude influence on compaction efficiency

3. Evaluate impact of lift thickness on IC roller values and compaction 
efficiency

4. Develop correlations b/w IC roller values to traditional measurements

5. Study IC roller measurement influence depth

6. Compare IC results to tradition compaction operations

7. Study IC roller measurement values in production compaction operations

8. Evaluate IC measurement values in terms of alternative specification 
options

 

 
 
 
 
 
 
 
 
 
 
 
 


