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INTRODUCTION 

This report presents results from a field investigation conducted on US Highway 12 in 
Marmarth, North Dakota.  The machine configurations and roller-integrated measurement 
systems used on this project included: a Caterpillar CP56 smooth drum roller with a padfoot 
shell kit (here after referred to as padfoot roller) equipped with machine drive power (MDP), and 
a Caterpillar CS563E vibratory smooth drum roller equipped with MDP and compaction meter 
value (CMV) intelligent compaction (IC) measurement technologies. The machines were 
equipped with real time kinematic (RTK) global positioning system (GPS) and on-board display 
and documentation systems. The project involved construction and testing of seven test beds. 
Four of these test beds included silty subgrade materials and the remaining three included 
salvage base materials. The test beds with salvage base materials varied in terms of their 
underlying support conditions. One test bed was reinforced with two layers of geogrid in the base 
layers, one test bed was partially treated with over excavation and replacement due to soft 
subgrade conditions, and the other test bed served as a control section with no special treatments.   
 
The IC measurement values (IC-MVs) were evaluated by conducting field testing in conjunction 
with a variety of in-situ testing devices measuring density, moisture content, California bearing 
ratio (CBR), shear strength, elastic modulus. An open house was conducted near the end of the 
field investigation to disseminate results from current and previous IC projects. The North 
Dakota department of transportation (NDDOT), contractor’s personnel, and representatives from 
the IC roller manufacturers participated in the field testing phase of the project and the open 
house.  

 
The goals of this field investigation were similar to previous demonstration projects and included 
the following: 
 

 document machine vibration amplitude influence on compaction efficiency, 
 develop correlations between  IC-MVs to traditional in-situ point  measurements (point-

MVs), 
 evaluate the impact of geogrid reinforcement in the base layers on IC-MVs and point-

MVs in comparison with sections without reinforcement,   
 compare IC results to traditional 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 two IC-MVs evaluated in this study 
(MDP and CMV), documents the results and analysis from the laboratory and field testing, and 
documents the field demonstration activities. Regression analysis was performed to evaluate 
correlations between IC-MVs and in-situ compaction measurements determined using point-
MVs. Dry density and moisture content measurements were obtained using a calibrated 
Humboldt nuclear gauge, modulus measurements were obtained using Zorn light weight 
deflectometers (LWDs) setup with 300 mm and 200 mm diameter plates, a Dynatest falling 
weight deflectometer (FWD) setup with 300 mm diameter plate, a KUAB FWD setup with 300 
mm diameter plate, and a in-situ bore hole shear test (BST) device. The BST device was used to 
evaluate the soil shear strength properties. Geostatistical methods were used to quantify and 
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characterize spatial non-uniformity of the subgrade materials using spatially referenced IC-MV 
data. All IC-MVs and point-MVs were recorded with real time kinematic (RTK) global 
positioning system (GPS) measurements.   
 
Empirical correlations between IC-MVs and in-situ point-MVs are first evaluated independently 
for each test bed which were sometimes obtained over a narrow measurement range and then 
combined to develop site wide correlations capturing a wide measurement range. The results and 
correlations provided in this report 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. 
 
BACKGROUND 

Caterpillar CS56 smooth drum with a padfoot shell kit and Caterpillar CS563E 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. The rollers were outfitted with a 
real-time kinematic (RTK) global positioning system (GPS) to continuously record the roller 
position information. Some key features of the rollers are summarized in Table 1. The padfoot 
roller (CS56) recorded machine drive power (MDP), while the smooth drum roller (CS563E) 
recorded machine drive power (MDP) and compaction meter value (CMV). Brief descriptions of 
these IC-MVs are provided in the following discussion.   

 

Table 1. Key features of the IC rollers used on the project  

Feature Caterpillar CS56 and CS563 

Drum Type 
CS56 – Padfoot shell kit over smooth drum 
CS563E – Smooth drum 

Frequency ( f ) 30 Hz 
Amplitude (a) 
Settings 

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

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

Display Software AccuGradeTM office 
GPS coordinates Based on local arbitrary coordinates at the base station  

Output 
Documentation 

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

Data frequency 
About every 0.2 m at the center of the drum (for a nominal v = 4 
km/h) 

Output Export File *.csv 
Automatic Feedback 
Control (AFC)a No 

aAFC mode involves automatic adjustment of vibration amplitude and/or frequency during  compaction.  
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Figure 1. Caterpillar CS56 smooth drum with padfoot shell kit (top) and Caterpillar 
CS563E smooth drum (bottom) IC rollers used on the project 

 

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.  
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        (1) 

 
Where MDP = machine drive power (kJ/s), PRgR = gross power needed to move the machine (kJ/s), 
W = roller weight (kN), A’ = machine acceleration (m/sP

2
P), g = acceleration of gravity (m/sP

2
P), 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 
obtained from the machine were recalculated to range between 1 and 150 and these re-scaled 
values are referred to as MDP* in this report. While the original MDP values decrease in 
increasing compaction, the MDP* values increase with increasing compaction.  

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

CMV is a dimensionless compaction parameter developed by Geodynamik 
(http://www.geodynamik.com/languages/english/index_gb.html) 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).  
 




A

A
C  RMV 0.5

         
(4) 

Earthwork Compaction Specifications 

The subgrade and base materials were placed and constructed in accordance with Section 
203.02G of the North Dakota DOT Standard Specifications. The fill material was required to be 
compacted to at least 90% of the AASHTO T-180 maximum dry unit weight. The moisture 
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content of the soil at the time of compaction shall be not less than the optimum moisture content 
and no more than 5% above the AASHTO T-180 optimum moisture content.  
 
ANALYSIS METHODS 

Regression Analysis 

Simple linear and non-linear regression relationships between IC-MVs and in-situ point-MVs 
were developed by spatially pairing the data obtained from the test beds using GPS 
measurements. 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 and 8, where b0 
= intercept and b1, b2 = regression parameters. 

 
Linear model: MVintPobbMVIC 10       (7) 

Non-linear power model: 2b
1 )MVintPo(bMVIC      (8)  

 
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, 
2010).  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.   

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 2. 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 2. 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 
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variogram are shown in Figure 2. Three parameters are used to construct a theoretical 
semivariogram: sill (C+C0), range (R), and nugget (C0).  These parameters are briefly described 
in Figure 2.  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.  Previous field studies in New York and 
Mississippi conducted as part of this research also revealed similar nested structures.  
  

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 2. Description of a typical experimental and spherical semivariogram and its 
parameters  

 
EXPERIMENTAL TESTING 

Description of Test Beds 

A total of seven test beds with one subgrade material and one base material were constructed and 
tested as part of this study.  A summary of test beds with material conditions and tests performed 
is provided in Table 2. A summary of material index properties is provided in Table 3. Details 
regarding construction and testing of each test bed are provided in the discussion later in this 
report.   
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Table 2. Summary of test beds and in-situ testing  

TB Description Material Date Machine
Total 
Passes

Amp. (mm)*, 
Speed (km/h)** 

In-situ Point 
Measurements

1 

Calibration Test 
Strip (lane 1) 

Subgrade 08/09

Padfoot 16 Static, 3.2 ELWD-Z2, d, w, 
and CBR  

Calibration Test 
Strip (lane 1) 

Padfoot 16 0.90, 3.2 ELWD-Z2, d, w, 
and CBR  

Calibration Test 
Strip (lane 3) 

Padfoot 16 1.80, 3.2 ELWD-Z2, d, w, 
and CBR  

2 Test Strip Subgrade 0809 Padfoot 1 0.90, 3.2 

— 

3 

Production Area 
Compaction 

Subgrade 08/09

Padfoot 9 Static, 4.0  

Production Area 
Mapping 

Padfoot 1 Static, 3.2 

Padfoot 1 0.90, 3.2 

Production Area 
Leveling/ Sealing 

Pneumatic 2 — 
ELWD-Z2 and 

CBR  

4 

Production Area 
(TX5 geogrid 
placed over 

subgrade and base 
layer 1) 

Existing 
Subgrade 

08/10 — — — 
ELWD-Z3, CBR, 

EFWD-D3 and 
EFWD-K3  

Base 
Layer 1 

08/10
Smooth 
Drum 

6 
(forward 

and 
reverse) 

Forward: 0.90, 
3.2 

Reverse: Static, 
6.0 

ELWD-Z3, d, w 
EFWD-D3 and 

EFWD-K3  

Base 
Layer 2 

08/10
Smooth 
Drum 

6 
(forward 

and 
reverse) 

Forward: 0.90, 
3.2 

Reverse: Static, 
6.0 

ELWD-Z3, CBR, 
BST, EFWD-D3, 
and EFWD-K3 

5-1 
Production Area 

(no geogrid)  
Base 

Layer 2 
08/10

Smooth 
Drum 

1 0.90, 3.2 — 

5-2 
Production Area 

(no geogrid) After 
Trafficking  

Base 
Layer 2 

08/11
Smooth 
Drum 

1 0.90, 3.2 
ELWD-Z3 and 

EFWD-K3  

6 

Production Area 
(Core out and 

replacement in the 
subgrade) 

Existing 
Subgrade 

08/10
Smooth 
Drum 

1 0.90, 3.2 

ELWD-Z3, EFWD-

K3, CBR (DCP 
before and after 
core out), BST 

Base 
Layer 2 

08/10
Smooth 
Drum 

1 0.90, 3.2 
ELWD-Z3, EFWD-

K3, and CBR  

7 

Production Area 
Compaction 

Subgrade 08/11 Padfoot 4 to 5 Static, 4.0 — 

Production Area 
Mapping 

Subgrade 08/11 Padfoot 1 Static, 3.2 d, w, and CBR 

Notes: TB – test bed, *theoretical amplitude, **nominal, w – moisture content, d – dry unit weight, CBR – California bearing 
ratio determined from DCP test, ELWD-Z2 – elastic modulus determined using 200 mm diameter plate Zorn LWD, ELWD-Z3 – elastic 
modulus determined using 300 mm diameter plate Zorn LWD, EFWD-D3 – elastic modulus determined using 300 mm diameter 
plate Dynatest FWD test, EFWD-K3 – elastic modulus determined using 300 mm diameter plate KUAB FWD; BST – bore hole 
shear test 
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Laboratory Testing 

Laboratory testing was performed on the silty subgrade and salvage base materials obtained from 
the project. Testing involved conducting grain size analysis and Atterberg limits tests to classify 
the materials in accordance with the unified soil classification system (USCS) and the American 
association of state highway and transportation officials (AASHTO) system, and conducting 
laboratory Proctor and gyratory compaction tests.  
 
A summary of the material index properties is provided in Table 3. Grain size distribution curves 
of the two materials are presented in Figure 3. Results from laboratory standard (AASHTO T-99) 
and modified (AASHTO T-180) Proctor tests on subgrade and base materials are shown in 
Figure 4 and Figure 5, respectively. Maximum dry unit weight (dmax) and optimum moisture 
content (wopt) results from the Proctor tests are summarized in Table 3. Gyratory compaction 
tests were conducted on the base material using AFGB1A Brovold gyratory compactor shown in 
Figure 6 (manufactured by Pine Instrument Company). A pressure distribution analyzer (PDA) 
as shown in Figure 6 was installed above the sample in the gyratory compaction mold to capture 
the pressure distribution across the sample during compaction. PDA is described in detail 
elsewhere in the literature (e.g., Guler et al. 2000, White et al. 2009). In brief, the PDA consists 
of three pressure transducers which are used to output the total resultant force (R) and 
eccentricity (e) at which the resultant force occurs for each gyration. The R and e measurements 
can be used to calculate frictional resistance or shear resistance (G) of the compaction material 
using Eq. 9:  
 

HA

e'R
G 


                                                                                           (9) 

 
where R’ = resultant force, e = eccentricity, A = sample cross-sectional area, and H = sample 
height at any gyration cycle.  A previous study by White et al. (2009) indicated that the G values 
determined from the PDA can be correlated to resilient modulus and undrained shear strength 
properties.  
 
Gyratory compaction tests were conducted on the base material at its natural moisture content (w 
= 5.0%). The material was thoroughly mixed and loosely placed into the gyratory compaction 
mold, the PDA was installed above the sample, a controlled vertical stress (o = 300, 600, and 
900 kPa) was applied to both the top and bottom of the sample, and compacted using 100 
gyrations at a constant gyration rate (gyrations per minute = 30). A gyration angle of 1.25 
degrees was used to compact the material. The H, R’, and e values were recorded for each 
gyration cycle to determine d and G.  
 
Results from gyratory compaction tests are presented in Figure 7 which shows d and G 
compaction curves for o = 300, 600, and 900 kPa.  The maximum d and the maximum G (i.e., 
after 100 gyrations) values for each applied stress condition are summarized in Table 3. The d 
compaction curves indicate that o = 600 kPa results in d similar to the AASHTO T-180 dmax 
after 100 gyrations. 90% of AASHTO T-180 dmax was achieved at 12 gyrations using o = 300 
kPa, and at 5 gyrations using o = 600 and 900 kPa.  
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Table 3. Summary of material index properties and laboratory test results 

Parameter Subgrade Base 

Material Description 
Greenish Gray 

Silty Sand 

Olive Gray Poorly 
Graded Sand with 

Gravel 

Grain-Size Analysis Results (ASTM D422-63; C136-06 )  

     Gravel Content (%) (> 4.75mm) 2.4 36.2 

     Sand Content (%) (4.75mm – 75m) 65.0 62.8 

     Silt Content (%) (75m – 2m) 21.7 
1.0 

     Clay Content (%) (< 2m) 10.9 

     D10 (mm) 0.002 0.362 

     D30 (mm) 0.067 1.025 

     D60 (mm) 0.142 4.002 

     Coefficient of Uniformity, cu 87.3 11.1 

     Coefficient of Curvature, cc 19.7 0.7 

Atterberg Limits Test Results (ASTM D4318-05)  

     Liquid Limit, LL (%) 31 
NP 

     Plastic Limit, PL (%) 22 

AASHTO Classification (ASTM D3282-09) A-2-4 A-1-a 

USCS Classification (ASTM D2487-00) SM GM 

Specific Gravity, Gs  (Assumed) 2.70 2.70 

Standard Proctor Test Results (AASHTO T-99)   

dmax (kN/m3, pcf) 16.97, 108.0 20.56, 130.9 

     wopt 17.0 9.2 

Modified Proctor Test Results (AASHTO T-180)   

dmax (pcf) 18.85, 120.0 21.41, 136.3 

     wopt 12.0 7.8 

Gyratory Compaction Test and PDA Results  (at 100 gyrations)  

dmax (kN/m3, pcf) at o = 300 kPa 

Not performed 

20.67, 131.6 

dmax (kN/m3, pcf) at o = 600 kPa 21.41, 136.3 

dmax (kN/m3, pcf) at o = 900 kPa 21.69, 138.1 

G (kPa, psf) at o = 300 kPa 84.8, 1772 

G (kPa, psf) at o = 600 kPa 186.4, 3894 

G (kPa, psf) at o = 900 kPa 443.9, 9271 
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Figure 3. Grain-size distribution curves of subgrade and base materials  
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Figure 4. Laboratory Proctor test results for subgrade material  
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Figure 5. Laboratory Proctor test results for base material  

 
 

   

Figure 6. AFGB1A gyratory compactor (left) and pressure distribution analyzer (PDA, 
right)  
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Figure 7. Dry unit weight and PDA shear resistance compaction curves from gyratory 
compaction test on base material  

 

In-situ Testing Methods 

Six different in-situ testing methods were used in this study to evaluate the in-situ soil 
engineering properties (Figure 8): (a) Zorn light weight deflectometer setup with 200 and 300 
mm diameter plates 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) calibrated Humboldt nuclear gauge (NG) to measure moisture content 
(w) and dry unit weight (d), (d) Dynatest falling weight deflectometer (FWD) setup with 300 
mm diameter plate to determine elastic modulus (EFWD-D3), (e) Kuab falling weight deflectometer 
(FWD) setup with 300 mm diameter plate to determine elastic modulus (EFWD-K3), and (f) insitu 
bore hole shear test (BST) to determine soil drained shear strength properties.   
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Figure 8. In-situ testing methods used on the project: (a) Humboldt nuclear gauge, (b) 200 
mm Zorn LWD, (c) 300 mm Zorn LWD, (d) dynamic cone penetrometer, (e) Dynatest 
FWD, (f) KUAB FWD, (g) Iowa BST (expandable contact plates shown in the insert) 

a b c

d e

f g 
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LWD tests were performed following manufacturer recommendations (Zorn 2003) and the ELWD 

values were determined using Eq. 10, where E = elastic modulus (MPa), d0 = measured 
settlement (mm), η = Poisson’s ratio (0.4), 0 = applied stress (MPa), r = radius of the plate 
(mm), F  = shape factor depending on stress distribution (assumed as ) (see Vennapusa and 
White 2009). The results are reported as ELWD-Z3 (Z represents Zorn LWD and 3 represents 300 
mm diameter plate).  
 

F
d

r)1(
E

0

0
2




           (10) 

 
Dynatest FWD testing was performed by applying one seating drop and two test drops each 
using a nominal force of about 31 kN (7000 lbf). Kuab FWD testing was performed by applying 
one seating drop using a nominal force of about 29 kN (6500 lbf) followed by two test drops 
each at a nominal force of about 42 kN (9500 lbf) and 56 kN (12500 lbf). The actual applied 
force for both FWDs was recorded using a load cell. The deflections were measured at the centre 
of the plate and at 152, 305, 357, 610, 914, 1219, and 1524 mm offsets from the centre of the 
plate. A composite modulus value (EFWD-D3 using Dynatest FWD and EFWD-K3 using Kuab FWD) 
was calculated using the measured deflection at the center of the plate, corresponding applied 
contact force, and Eq. 10. F = 8/3 was assumed in the calculations similar to LWD calculations 
for the Dynatest FWD. F = 2 was assumed in the calculations for the KUAB FWD as the plate 
used was a four-segmented plate and the contact stress distribution was assumed to be uniform.  
 
DCP tests were performed in accordance with ASTM D6951-03 to determine dynamic cone 
penetration index (DPI) and calculate CBR using Eq. 11. 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 depth indicated in the subscript (e.g., 
CBR200 indicates weighted average CBR to a depth of 200 mm).  

 

12.1DPI

292
CBR           (11) 

 
In situ borehole shear tests (BSTs) were performed in a bore hole at various depths in the 
compacted base and subgrade layers to determine their drained shear strength properties.  BST is 
described elsewhere in the literature (see Handy and Fox 1967, Handy et al. 1985). In brief, the 
test involves: (a) drilling a bore hole, (b) inserting two curved contact plates (see Figure 8g) into 
the bore hole to a desired depth, (c) applying a normal pressure by expanding the plates inside 
the hole, and (d) applying a shearing stress by pulling the expanded contact plates until a peak 
value is reached. The test was performed by applying three different applied normal pressures 
(50, 100, and 150 kPa) at each test location. The test essentially represents a direct shear test on a 
soil. A constant normal stress was applied on the soil for about 5 minutes. If the normal stresses 
did not change during that time, it was assumed that consolidation is complete and then shearing 
stresses were applied. A normal stress versus peak shearing stress plot is generated from the data 
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to determine effective cohesion (c’) and drained angle of internal friction (’) parameters as 
illustrated in Figure 9.  
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Figure 9. Illustration of shear strength parameter determination from Iowa borehole shear 
test (results obtained from TB4) 

 
The Iowa State University Geotechnical mobile laboratory (Figure 10) is equipped with Davis 
Vantage Pro weather station with a Weatherlink datalogger system. Weather data was monitored 
and recorded every 30 minutes by the datalogger. Air temperature and wind speed recorded 
during the course of the project are presented in Figure 11. Approximate time of construction and 
testing of different test beds is shown in Figure 11.  
 

 

Figure 10. Iowa State University geotechnical mobile laboratory 
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Figure 11. Air temperature and wind speed data 

 
EXPERIMENTAL TEST RESULTS  

TB1 Subgrade Calibration Test Strips (Padfoot Roller) 

Test beds construction and in-situ testing (Lanes 1, 2, and 3) 

TB1 consisted of silty subgrade material scarified to approximately 220 to 270 mm depth using a 
motor grader. The material was initially wet and was dried out using disking operations. 
Photographs taken during construction operations are shown in Figure 12. The test bed area was 
divided into three roller lanes as shown in Figure 13. Compaction was performed using the 
padfoot IC roller using 10 to 16 roller passes. All roller passes were performed in forward 
motion only. Lane 1 was compacted in static mode, lane 2 was compacted in low amplitude 
mode (a = 0.90 mm and f = 30 Hz), and lane 3 was compacted in high amplitude mode (a = 1.80 
mm and f = 30 Hz). A summary of nominal machine settings is provided in Table 2.  
 
In-situ point-MVs (d, w, CBR250, and ELWD-Z2) were obtained at 9 locations along lanes 1 and 2, 
and 7 locations along lane 3. Point-MVs were obtained after 0, 1, 2, 4, 8, and 16 roller passes on 
lane 1, after 16 roller passes on lane 2, and after 10 roller passes on lane 3. The moisture content 
of the subgrade material varied between 9% and 16% which is about -3 to +4% of AASHTO T-
180 wopt. Comparison of w-d point-MVs obtained on each lane after the final roller pass with 
laboratory Proctor test results is shown in Figure 14.   
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The objectives of testing on this test bed were to evaluate the influence of vibration amplitude on 
soil compaction properties (i.e., density, modulus, and CBR) and MDP* IC-MVs, and obtain 
correlations between MDP* IC-MVs and different point-MVs.  
 

 

 

Figure 12. Photographs of construction and testing of TB1  
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Figure 13. Subgrade calibration strips (lanes 1 to 3) – TB1  
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Figure 14. Comparison of in-situ moisture-dry unit weight measurements on TB1 (lanes 1 
to 3 after final compaction pass) with laboratory Proctor test results 

 Test Results, Analysis, and Discussion 

Spatial MDP* IC-MV and pass count maps for lanes 1, 2, and 3 are provided in Figure 15. 
MDP* spatial maps for multiple roller passes on each lane are also shown in Figure 15. MDP* 
line plots for lanes 1, 2, and 3 for multiple roller passes (1, 2, 4, 8, 10, 12, and 16) are provided in 
Figure 16. MDP* IC-MV plots for lanes 1 and 2 in Figure 16 indicate that the values are 
repeatable and they generally increase with increasing roller passes indicating compaction. The 
average MDP* on lanes 1 and 2 generally increased with increasing number of passes (Figure 
17). On the other hand, MDP* on lane 3 where the high amplitude (a = 1.80 mm) setting was 



19 
 

used did not show a repeatable pattern along the lane (Figure 16) and the compaction growth 
curve yielded inconsistent results between passes (Figure 17). This is attributed to de-compaction 
of the material (as indicated by a reduction in average MDP* for passes 3, 5, and 9) at the 
surface and possibly deeper compaction due to the high amplitude setting used for compaction. 
On average, the MDP* values obtained on lane 2 in low amplitude mode were either similar or 
slightly lower (by about 1.02 to 1.05 times) than the MDP* values obtained on lane 1 in static 
mode. The average MDP* values obtained on lane 3 in high amplitude mode were lower (by 
about 1.19 to 1.25 times) than the average MDP* values on lanes 1 and 2.  
 
Average point-MV compaction curves for lane 1 are presented in Figure 17. On average, d, 
ELWD-Z2, and CBR250 increased with increasing pass indicating compaction. The average ELWD-Z2 
continued to increase with increasing compaction passes up to 16 passes. The average d 

increased up to 2 passes, remained constant up to 8 passes, and then continued to increase up to 
16 passes. The average CBR250 increased up to 2 passes, remained about the same up to 4 passes, 
and then continued to increase up to 16 passes. The average point-MVs obtained after the final 
compaction pass on lanes 2 and 3 are also presented for comparison in Figure 17. On average, 
the ELWD-Z2 and CBR250 point-MVs were lower on lanes 2 and 3 compacted in low and high 
amplitude mode, compared to lane 1 compacted in static mode. In contrary, the average d on 
lanes 2 and 3 was greater on lanes 2 and 3 than on lane 1.  
 
MDP* IC-MV plots (as lines) in comparison with point-MVs (as points) along lane 1 after 1, 2, 
4, 8, and 16 passes are presented in Figure 18 to Figure 20.  DCP-CBR depth profiles obtained 
before compaction (pass 0), and after 1, 2, 4, 8, and 16 passes on lane 1 at each point location are 
presented in Figure 21. MDP* IC-MV plots in comparison with point-MVs along lane 2 after 16 
passes are presented in Figure 22.  DCP-CBR depth profiles obtained after 16 passes on lane 2 at 
each point location are presented in Figure 23. MDP* IC-MV plots in comparison with point-
MVs along lane 3 after 10 passes are presented in Figure 24.  DCP-CBR depth profiles obtained 
after 16 passes on lane 3 at each point location are presented in Figure 25. 
 
Regression analysis results between IC-MVs and point-MVs by spatially pairing the nearest 
point data is presented separately for lanes 1, 2, and 3, in Figure 26, Figure 27, and Figure 28, 
respectively. Regression relationships for lane 1 where MDP* values were obtained in static 
mode showed R2 values ranging from 0.15 to 0.54. MDP* values were better correlated with 
ELWD-Z2 (R

2 = 0.54), than with CBR250 (R
2 = 0.17) and d (R

2 = 0.15). This observation is 
generally consistent with findings from several previous case studies that the IC-MVs correlate 
better with stiffness or modulus measurements compared to density measurements. The MDP* 
values on lane 1 did not show a statistically significant relationship with w.  Correlations on 
lanes 2 and 3 generally showed weak relationships and sometimes incorrect trends (for e.g., 
MDP* versus CBR250 on lane 2 and MDP* versus d on lane 3 showed decreasing MDP* with 
increasing point-MV). The narrow range of measurements on lanes 2 and 3 (MDP* varied from 
116 to 121 on lane 2 and 101 to 108 on lane 3) as the measurements were obtained only after the 
final compaction pass, contributed to such weak relationships. On lane 3, de-compaction of the 
subgrade material was observed at the surface which also can affect the relationships. MDP* 
values on lanes 2 and 3 showed statistically significant relationship with w with R2 = 0.67 and 
0.86, respectively.  
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Figure 15. MDP* and elevation maps of lanes 1 to 3, and MDP* spatial maps for multiple 
padfoot roller passes on lanes 1 to 3 – TB1 
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Figure 16. MDP* data for multiple roller passes on lanes 1 to 3 – TB1 
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Figure 17. Average MDP* and in-situ point measurement values with increasing roller 
passes on lanes 1 to 3 – TB1 
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Figure 18. Comparison between MDP* and in-situ LWD and CBR point measurements on 
lane 1 for multiple roller passes – TB1  
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Figure 19. Comparison between MDP* and in-situ NG point measurements (dry unit 
weight and moisture content) on lane 1 for multiple roller passes – TB1  
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Figure 20. Comparison between MDP* and in-situ point measurements  on lane 1 (static) 
after pass 16 – TB1  
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Figure 21. DCP-CBR profiles on lane 1 before compaction (pass 0) and after passes 1, 2, 4, 
8, and 16 – TB1  
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Figure 22. Comparison between MDP* and in-situ point measurements  on lane 2 (low 
amplitude mode) after pass 16 – TB1  
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Figure 23. DCP-CBR profiles on lane 2 after 16 passes – TB1  
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Figure 24. Comparison between MDP* and in-situ point measurements on lane 3 (high 
amplitude mode) after pass 10 – TB1  
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Figure 25. DCP-CBR profiles on lane 3 after 10 passes – TB1  
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Figure 26. Correlations between MDP* and in-situ point measurements  on lane 1 (static) – 
TB1  
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Figure 27. Correlations between MDP* and in-situ point measurements on lane 2 (a = 0.90 
mm and f = 30Hz) – TB1  
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Figure 28. Correlations between MDP* and in-situ point measurements on lane 3 (a = 1.80 
mm and f = 30 Hz) – TB1  
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TB2 Compacted Subgrade (Padfoot Roller) 

TB2 consisted of a 30 m long test strip with compacted silty subgrade material and was located 
next to TB1. The test bed visually showed rutting or sinkage under construction traffic loading in 
two isolated locations (Figure 29). The test bed area was mapped using one roller pass in low 
amplitude setting (a = 0.90 mm and f = 30 Hz) using the padfoot IC roller. Following the roller 
pass, ELWD-Z2 point-MVs were obtained at six locations across the test bed. MDP* IC-MVs in 
comparison with ELWD-Z2 point-MVs are presented in Figure 30. Both MDP* and ELWD-Z2 

measurements showed relatively low values in the rutting areas. Correlation between MDP* and 
ELWD-Z2 by spatially pairing the nearest point data is presented in Figure 31, which yielded R2 = 
0.40.  
 
 
 

Rutting Area 1

Rutting Area 2

 

Figure 29. Picture of TB2 showing visually identified soft areas  
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Figure 30. MDP* and ELWD-Z2 measurements on TB2  
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Figure 31. Correlation between MDP* (a = 0.90 mm and f = 30Hz) and ELWD-Z2 – TB2  
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TBs 3 and 7 Subgrade Production Compaction (Padfoot Roller) 

Test bed construction and in-situ testing – TB 3 

This test bed consisted of a production area with silty subgrade material (Figure 32) scarified to a 
depth of about 250 mm and was constructed following similar methods as discussed in TB1. Plan 
dimensions of the test bed were about 6.5 m x 302 m. The area was compacted with 9 roller 
passes using the padfoot IC roller in static mode followed by one mapping pass each in static and 
low amplitude (a = 0.90 mm and  f = 30 Hz) modes. Nominal machine settings during each pass 
are summarized in Table 2. After the final mapping pass, the test bed area was leveled and sealed 
using a pneumatic roller for two roller passes. Based on the final mapping pass MDP* IC-MV 
map, point-MVs (ELWD-Z2 and DCP-CBR profiles) were obtained from 10 test locations.   
 
 

 

Figure 32. Photograph of the test bed area – TB3 

In-situ test results, analysis, and discussion – TB3 

Figure 33 shows MDP* maps in static and low amplitude modes, elevation map, and pass 
coverage map for the test bed area. Monitoring the elevation maps during construction can be a 
useful QC method to control lift thickness. Similarly, pass count coverage maps can also be used 
for QC.  Figure 33 shows compaction curves of MDP* at three selected locations with relatively 
high, medium, and low MDP* values. Analyzing compaction curves also can also serve as an 
effective QC technique to assess the compaction state of the material.        
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Figure 33. MDP*, percent target MDP*, elevation, and pass count maps, and MDP* 
compaction curves at three selected locations – TB3 

Figure 34 shows MDP* and percent target MDP* (assuming a target MDP* = 140) histogram 
plots. On average, the MDP* values obtained in static mode were greater by about 1.06 times 
than the MDP* values obtained in low amplitude mode. Plotting the percent target MDP* data 
can be used for pass/fail analysis which can be useful for QA purposes. Geostatistical 
semivariograms of MDP* values for static and low amplitude passes are presented in Figure 35 
along with a summary of the spatial statistics (i.e., nugget, sill, and range). The experimental 
semivariograms values showed a nested spatial structure with short-range and long-range 
components. Nested spherical variograms were fit to the experimental semivariogram data. It is 
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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. Similar nested variograms were observed in a previous field study conducted in New 
York as part of the FHWA IC pooled fund study (see New York field study report, White et al. 
2010). The static MDP* values show more variability with high sill values compared to low 
amplitude MDP* values. This is also evident with a slightly higher standard deviation () value 
for static MDP* over low amplitude MDP* as shown in Figure 34. More interestingly, the 
geostatistical variograms show similar long-range components for both static and low amplitude 
MDP* values (i.e., similar Range2 values (i.e., about 56 m) and similar difference between Sill2-
Sill1 (i.e., about 8 to 10)). These concepts have not previously been evaluated and could provide 
an important step in understanding the spatial variability associated with IC data.  
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Figure 34. Histograms of MDP* and percent target MDP* for the static and low amplitude 
mapping passes – TB3 
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Figure 35. Geostatistical semivariograms of MDP* from static and low amplitude mapping 
passes – TB3 
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Figure 36 presents DCP-CBR profiles along with ELWD-Z2 point-MVs obtained at 12 selected 
locations across the test bed area. Figure 37 shows correlations between MDP* and ELWD-Z2 and 
CBR250 point-MVs by spatially pairing the nearest point data. Non-linear power relationships 
showed the best fit for these relationships. Point-MV relationships with static MDP* values 
yielded higher R2 values (0.74 to 0.75) than with low amplitude MDP* values (0.37 to 0.52).  
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Figure 36. DCP-CBR profiles at selected in-situ test locations – TB3  
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Figure 37. Correlations between MDP* (static and low amplitude) and in-situ point-MVs – 
TB3  

Test bed construction and in-situ testing – TB 7 

This test bed consisted of a production area with silty subgrade material scarified to a depth of 
about 250 mm. Plan dimensions of the test bed are about 6.5 m x 388 m. The area was 
compacted with 4 to 5 roller passes using the padfoot IC roller in static mode, and followed by 
one mapping pass in static mode. Nominal machine settings during each pass are summarized in 
Table 2. Following the final mapping pass, d and w point-MVs were randomly obtained from 5 
test locations, and DCP-CBR profiles were obtained from two of these locations.   

In-situ test results and discussion – TB 7 

Figure 38 shows MDP* maps in static mode, elevation map, and pass coverage map for the test 
bed area. DCP-CBR profiles obtained from two test locations (locations 4 and 5 as marked on 
the MDP* map) are also shown in Figure 38.  Figure 39 shows MDP* and percent target MDP* 
(assuming a target MDP* = 140) histogram plots. Geostatistical semivariograms of MDP* values 
from this test bed are presented in Figure 35 along with a summary of the spatial statistics (i.e., 
nugget, sill, and range). Similar to MDP* values on TB3, the experimental semivariograms 
values on this test bed showed a nested spatial structure with short-range and long-range 
components. Nested spherical variograms were fit to the experimental semivariogram data.  
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Figure 38. MDP*, elevation, and pass count maps, and CBR profiles at two selected 
locations – TB7 
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Figure 39. Histograms of MDP* and percent target MDP* of the final mapping pass – TB7 
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Figure 40. Geostatistical semivariograms of MDP*mapping pass – TB7 

 
The average MDP* value from this test bed (i.e., 114.1) are similar to the average MDP* value 
from TB3 (i.e., 116.1). The COV of MDP* values were also about the same for the two test beds 
(COV = 8%). However, the spatial statistics (especially the range values) were substantially 
different between the two test beds. The MDP* values from this test bed showed more spatial 
continuity in the data as demonstrated by comparatively longer range values (range1 = 45.7 m 
and range2 = 167.6 m) compared to TB3 (range1 = 9.1 m and range2 = 56.4 m). The sill values 
are however somewhat similar for the two test beds. Longer range values represent 
comparatively more uniform conditions. These differences are not apparent if only univariate 
statistics (i.e., mean, COV) are assessed.  
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Figure 41 shows correlations between MDP* and d point-MVs by spatially pairing the nearest 
point data. No statistically significant relationship was observed in MDP* vs. d point-MVs. The 
relationship between CBR250 and MDP* is note presented here as there were only two 
measurements.  
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Figure 41. Correlations between MDP* and in-situ d point-MVs – TB7 

TBs 4, 5, and 6 Salvage Base Layer Production Compaction (Smooth Drum) 

Test beds construction and in-situ testing 

TBs 4, 5, and 6 consisted of production areas with two layers of salvage base material placed 
over an existing layer of subgrade mixed with salvage base material (here after referred to as 
mixed subgrade). Plan area map of the three test beds is shown in Figure 42. The three areas 
were located near the Main Street in Marmarth, ND. TB4 was located on the east side of the 
Main Street on US12 west bound. TB5 was located on the west side of Main Street on US12 
west bound. TB6 was located on the east end of TB4. TB4 incorporated two layers of Tensar’s 
TX5 geogrid reinforcement in the salvage base layers while TBs 5 and 6 did not have any 
reinforcement. TB6 however consisted of a portion of the test bed which was over-excavated and 
replaced with salvage base material. The objectives of testing on these test beds were to:  
 

 evaluate differences in the IC-MVs and in-situ point-MVs obtained on the salvage base 
layers constructed with different underlying support conditions (i.e., with and without 
geogrid reinforcement, and with over excavation (or core-out) and replacement), and  

 develop correlations between IC-MVs and in-situ point-MVs.  
 
Smooth drum IC roller was used for mapping and compaction operations on TB4. Compaction 
operations on TBs 5 and 6 were performed by the contractor using their vibratory smooth drum 
and static pneumatic rollers. TBs 5 and 6 were mapped using the smooth drum IC roller. The IC 
roller was equipped to record MDP* and CMV IC-MVs. These two IC-MVs were recorded only 
on the TB4 subgrade layer. CMV IC-MVs were not recorded on other layers due to hardware 
problems on the roller.   
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TB4 consisted of an existing mixed subgrade layer (Figure 43) to a depth of about 250 mm 
underlain by native soft alluvial deposits with layered silty sand. The mixed subgrade layer was 
mapped using the smooth drum IC roller using one roller pass each in low amplitude (a = 0.90 
mm and f = 30 Hz) and high amplitude (a = 1.80 mm and f = 30 Hz) settings.  In addition, in-situ 
point-MVs (CBR250, EFWD-K3, EFWD-D3, and ELWD-Z3) were obtained on the mixed subgrade layer. 
TX5 geogrid was placed on the mixed subgrade layer (Figure 43) and approximately 300 mm 
thick salvage base layer 1 was placed over the geogrid. The layer was graded to the desired 
elevation using a motor grader and compacted using the smooth drum IC roller. Compaction was 
achieved using the smooth drum IC roller using three forward and three reverse passes in two 
roller lanes. Low amplitude settings (a = 0.90 mm and f = 30 Hz) were used for forward passes 
and static settings were used for reverse passes. A nominal speed of 3.2 km/h was used for 
forward passes and of 6.0 km/h was used for reverse passes. In-situ point-MVs (d, w, EFWD-K3, 
EFWD-D3, and ELWD-Z3) were obtained on the compacted base layer 1. Another layer of TX5 
geogrid was placed over the compacted base layer 1 and approximately 150 mm thick salvage 
base layer 2 was placed over the geogrid. Similar to base layer 1, base layer 2 was graded to the 
desired elevation using a motor grader and compacted using the smooth drum IC roller. 
Compaction on base layer 2 was achieved in a similar way as on base layer 1. In-situ point-MVs 
(d, w, CBR250, EFWD-K3, EFWD-D3, and ELWD-Z3) were obtained on the compacted base layer 2. In 
addition, 2m deep DCP-CBR profile was obtained at one location. A bore hole was drilled at the 
2 m deep DCP location to conduct BSTs at various depths in the base and subgrade layers 
(Figure 44).  Bag samples of subgrade and base materials were obtained from BST location at 
various depths to determine moisture content and percent fines content (% Fines) of the material. 
 
Similar to TB4, TB6 also consisted of an existing mixed subgrade layer to a depth of about 250 
mm underlain by native silty subgrade material. A portion of the test bed area was unstable under 
the construction equipment. The area that was unstable was over excavated to a depth of about 
250 mm and was replaced with salvage base material. Compaction of these layers was achieved 
using Contractor’s padfoot roller. Additional salvage base layers (with a total thickness of about 
800 mm) were placed and compacted above the existing grade to match with the final grade of 
the adjacent TB4. The final layer is referred to as salvage final base layer. Compaction 
operations were performed on this test bed using contractor’s equipment. The area was mapped 
using low amplitude settings (a = 0.90 mm and f = 30 Hz) in two roller lanes. In-situ point-MVs 
(d, w, CBR250, EFWD-K3, EFWD-D3, and ELWD-Z3) were obtained on the final base layer. In addition, 
a 2m deep DCP-CBR profile was obtained in the core- out area. A bore hole was drilled at the 
DCP location to conduct BSTs at various depths in the base and subgrade layers. Bag samples of 
subgrade and base materials were obtained from various depths to determine moisture content 
and percent fines content (% Fines) of the material. 
 
TB5 consisted of a compacted salvage base layer (Figure 45). No geogrid reinforcement was 
used in TB5. The base layer was reportedly compacted using pneumatic roller (Figure 45). After 
compaction operations, the area was mapped using low amplitude settings (a = 0.90 mm and f = 
30 Hz) in two roller lanes on 08/10/2010 (Day 1) and 08/11/2010 (Day 2). After mapping passes 
on day 1, the TB5 area was used by haul trucks and other construction traffic, and moisture was 
added several times for dust control. The area was also left open to traffic at the end of day 1. In-
situ point-MVs (EFWD-K3 and ELWD-Z3) were obtained on the compacted final base layer after the 
mapping passes on day 2.  



45 
 

M
ain Street

Test Bed 4:
Salvage Base Layers 1 and 2

Reinforced with TX Geogrid

Test Bed 5:
Salvage Base Layers 1 and 2
(no Geogried Reinforcement)

Test Bed 6:
Salvage Base 
Layers 1 and 2
(no Geogried 

Reinforcement)

Easting (m)

2940 2970 3000 3030 3060 3090 3120

N
or

th
in

g 
(m

)

3000

3020

3040

3060

3080

3100

3120

3140

LWD/FWD/NG Test Locations
DCP Test Locations

US12 EB
US12 W

B

 

Figure 42. Map of test beds 4, 5, and 6, and in-situ testing locations  

 

  

  

Figure 43. Photographs of TB4 during placement of TX5 geogrid and salvage base layers 
and  
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Figure 44. Photographs of drilling equipment and bore hole drilled for BST on TB4  

 

  

Figure 45. TB5 location (left) and pneumatic roller used for compaction of base layer on 
TB5 (right)  

Test results and discussion 

IC-MV and elevation maps on TB4 subgrade and salvage base layers 1 and 2 are presented in 
Figure 46. IC-MV and elevation maps of TBs 5 and 6 final salvage base layers are presented in 
Figure 47 and Figure 48, respectively.  The approximate limits of core-out on TB6 are shown in 
Figure 48. A summary of IC-MV and in-situ point-MV statistics on TB4 mixed subgrade and 
salvage base layers, and TBs 5 and 6 salvage base layers is presented in Table 4. Summary 
statistics for TB6 are presented separately for the measurements in the core-out area and outside 
the core-out area.   
 
Results from TB4 (geogrid reinforced section) 
 
Comparison between MDP* and CMV IC-MVs and in-situ point MVs on the TB4 subgrade 
layer are presented in Figure 49 to Figure 52. CMV IC-MVs showed relatively high variability 

TB5 
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(COV = 78 to 87%) compared to MDP* IC-CMVs (COV = 2%) on the subgrade layer.  The in-
situ modulus and CBR250 point-MVs showed COV ranging between 30% and 64%.  DCP-CBR 
profiles performed at four locations on the TB4 subgrade layer are presented in Figure 53. Lane 
2 showed a relatively stiff zone (with CMV > 35) between 55 m and 70 m and some relatively 
soft zones (with CMV < 10) between 15 m and 22 m and between 34 m and 45 m. MDP* IC-
MVs did not show much variation in these zones. DCP and ELWD-Z3 tests were conducted in these 
zones, which confirmed the variations observed in the CMV IC-MVs. DCP 2 located in the stiff 
zone showed CBR250 =73, while DCP 1 located in the soft zone showed CBR250 = 20. The 
average ELWD-Z3 in the stiff zone was about 91 MPa (based on 4 measurements), while in soft 
zone was about 60 MPa (based on 3 measurements).  Variations in the points-MVs across the 
test bed lanes corroborated well with the variations in CMV IC-MVs. On the other hand, MDP* 
IC-MVs did not capture these variations.    
 
Average MDP* compaction curves for TB4 salvage base layer 1 are presented in Figure 54. 
Results indicated slightly different trends in the MDP* compaction growth for forward (in low 
amplitude mode) and reverse (in static mode) passes. MDP* raw data plots for each compaction 
pass on lanes 1 and 2 are presented in Figure 55. These plots indicate that the MDP* IC-MVs are 
repeatable and increase with increasing number of passes. The MDP* values are on average 
higher in reverse passes (made at an average speed = 6.1 km/h) than in forward passes (made at 
an average speed = 3.2 km/h), which indicates that the values are affected by the machine speed 
settings. Previous research (White et al. 2009) also indicated that the MDP* IC-MVs are 
influenced by the machine travel speed. Comparison between MDP* IC-MVs and in-situ point 
MVs on base layer 1 are presented in Figure 56 and Figure 57. The average relative compaction 
of the base material was about 90% of AASHTO T-180 dmax. These results and summary 
statistics presented in Table 4 indicate that the MDP* IC-MVs and the point-MVs are relatively 
higher and less variable on base layer 1 than on the underlying mixed subgrade layer. The COV 
of  MDP* IC-MV reduced slightly from 2% to 1%, but the COV of ELWD-Z3 reduced from 30% 
to 14%, EFWD-D3 reduced from 51% to 20%, and EFWD-K3 reduced from 37% to 23%.  
 
Average MDP* compaction curves for TB4 salvage base layer2 are presented in Figure 58. 
Similar to results on the base layer 1, the average MDP* compaction curves on base layer 2 
indicated different trends for forward (in low amplitude mode) and reverse (in static mode) 
passes. MDP* raw data plots for each compaction pass on lanes 1 and 2 are presented in Figure 
59. The MDP* IC-MVs in reverse direction are generally higher than in forward direction but 
with exception in one zone (between 15 m and 25 m on lanes 1 and 2) on pass 6 where the 
reverse pass speed was reduced to about 3 km/h (Figure 59). Comparison between MDP* IC-
MVs and in-situ point-MVs on base layer 2 are presented in Figure 60 and Figure 61. These 
results and summary statistics presented in Table 4 indicate that on average the point-MVs are 
higher on base layer 2 than on the underling base layer 1 and mixed subgrade. The modulus 
measurements were about 1.1 to 1.4 times higher on base layer 2 than on base layer 1, while the 
average relative compaction was about the same (90% of AASHTO T-180 dmax) on the two base 
layers. COV of EFWD measurements are slightly lower on base layer 2 while the COV of ELWD-Z3 

measurements are slightly higher on base layer 2, when compared to the COV of these 
measurements on base layer 1.  The average MDP* and COV of MDP* were about the same on 
base layers 1 and 2. DCP-CBR profiles obtained from four locations (DCP 1, 2, 5, and 6) are 
presented in Figure 62. Note that the DCP tests were performed at the same locations as 
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identified on the underlying mixed subgrade layer. DCP test conducted at DCP2 location again 
confirmed the stiff location with high CBR values (CBR > 100) noted earlier in the mixed 
subgrade layer. Results from a 2m long DCP test and BST results at various depths at DCP1 test 
location are presented in Figure 63. Variations observed in the BST results (effective cohesion c’ 
and effective angle of internal friction ’) in the base and subgrade layers corroborate well with 
the variations observed in the CBR values with depth.  
 
Results from TB6 (control and core-out sections) 
 
MDP* IC-MVs and point-MVs obtained on the final layer of salvage base material on TB6 are 
presented in Figure 60 and Figure 61 in comparison with measurements from TB4. The core-out 
limits on the test bed are also shown in Figure 60 and Figure 61, for reference. In the control 
section (i.e., outside the core-out area), results indicate that the average MDP* IC-MVs was 
lower (by about 1.06 times) and the COV of MDP* was greater than on TB4 (1% on TB4 and 
4% on TB6). The ELWD-Z3, EFWD-K3, and EFWD-D3 point-MVs in the control section were also on 
average lower (by about 1.1 to 1.6 times) than on TB4.  However, it must be noted that only 
limited number of point-MVs (1 to 4) were obtained in this area.  
 
A 2 m DCP and a FWD measurement were obtained in the core-out area. The CBR250 and EFWD-

K3 point-MVs at that location were comparatively higher (CBR250 by about 1.5 times and EFWD-K3 

by about 1.7 times) than on TB4, but the MDP* IC-MVs in the core-out location were slightly 
lower (by about 1.06 times) than on TB4. Figure 63 shows the 2m deep DCP profile in the core-
out location (DCP4) along with c’ and ’ values determined from BST at various depths in the 
base and subgrade layers. 1 m deep DCP profile conducted before core-out is also presented in 
Figure 63 for reference. Similar to observation above in DCP1 (TB4), the variations observed in 
the BST results (i.e., c’ and ’) in the base and subgrade layers corroborate well with the 
variations observed in the CBR profile with depth.  
 
Results from TB5 (control section) 
 
Comparison between MDP* and in-situ point MVs on the TB5 final salvage base layer (control 
section) are presented in Figure 64 and Figure 65. MDP* IC-MVs obtained on TB5 on day 1 and 
on day 2 (i.e., after trafficking) are presented separately. On average, MDP* IC-MVs obtained 
on day 2 are about 1.06 times greater than on day 1. The reason for this increase in MDP* on day 
2 is attributed to possible compaction under haul trucks and other construction vehicles.   
 
MDP* IC-MVs were slightly lower (by about 1.04 times) than on TB4. The EFWD-K3 point-MVs 
were also on average slightly lower (by about 1.1 times) than on TB4, while the average ELWD-Z3 

point-MVs were about the same on TBs 4 and 6. The COV of MDP* IC-MVs and point-MVs on 
TBs 4 and 5 were quite similar.  
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Figure 46. MDP*, CMV, and elevation maps on mixture of subgrade+salvage base layer, 
and MDP* and elevation maps on salvage base layers 1 and 2 – TB4 
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Figure 47. MDP* and elevation maps on final salvage base layer – TB5 
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Figure 48. MDP* and elevation maps on final salvage base layer – TB6 
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Table 4. Summary statistics of measurements from TBs 4, 5, and 6 

Test Bed Layer Measurement n   COV (%) 

TB4 (with 
geogrid) 

Mixture of 
subgrade + 

salvage 
base 

MDP* (a = 0.90 mm) 793 142.5 2.3 2 

CMV (a = 0.90 mm) 793 12.8 10.0 78 

MDP* (a = 1.80 mm) 736 145.5 2.8 2 

CMV (a = 1.80 mm) 736 17.6 15.3 87 
ELWD-Z3 (MPa) 32 72.5 21.7 30 
EFWD-K3 (MPa) 9 78.1 40.1 51 
EFWD-D3 (MPa) 9 85.7 31.6 37 
CBR250 (%) 5 36 23 64 
d (kN/m3) No Measurements 
w (%) No Measurements 

Salvage 
base layer 1 

MDP* 672 148.4 1.2 1 
ELWD-Z3 (MPa) 32 92.2 13.2 14 
EFWD-K3 (MPa) 9 98.0 20.3 20 
EFWD-D3 (MPa) 9 125.3 29.3 23 
CBR250 (%) No Measurements 
d (kN/m3) 22 19.23 0.18 1 
w (%) 22 8.5 0.5 5 

Salvage 
base layer 2 

MDP* 633 147.5 1.4 1 
ELWD-Z3 (MPa) 32 99.7 16.8 17 
EFWD-K3 (MPa) 21 134.5 25.8 19 
EFWD-D3 (MPa) 9 160.6 19.7 12 
CBR250 (%) 5 19 4 23 
d (kN/m3) 22 19.34 0.24 1 
w (%) 22 8.0 4.2 5 

TB5-1 
Final 

salvage 
base layer   

MDP* 747 133.2 3.5 3 

TB5-2 
(control 
section 
with no 
geogrid) 

Final 
salvage 

base layer  
(after 

trafficking) 

MDP* 749 141.9 3.8 3 

ELWD-Z3 (MPa) 30 101.1 19.9 19 

EFWD-K3 (MPa) 30 122.2 26.7 22 

TB6 
(control 
section 
with no 

geogrid and 
partial 

core-out) 

Final 
salvage 

base layer 

MDP*a 187 141.0 5.6 4 

MDP*b 83 138.8 3.5 3 
ELWD-Z3 (MPa) a 4 69.3 17.3 25 
EFWD-K3 (MPa) a 2 79.7 38.2 48 
EFWD-K3 (MPa)b 1 224.1   
EFWD-D3 (MPa)a 1 145.2 

Not applicable 
CBR250 (%)b 1 29 
d (kN/m3)a 1 19.09 
w (%)a 1 9.1 

aMeasurements outside the core-out area; bMeasurements in the core-out area  
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Figure 49. Comparison of MDP* and in-situ point measurements on mixture of subgrade + 
salvage base layer lane 1 – TB4 
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Figure 50. Comparison of CMV and in-situ point measurements on mixture of subgrade + 
salvage base layer lane 1 – TB4 
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Figure 51. Comparison of MDP* and in-situ point measurements on mixture of subgrade + 
salvage base layer lane 2 – TB4 
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Figure 52. Comparison of CMV and in-situ point measurements on mixture of subgrade + 
salvage base layer lane 2 – TB4 
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Figure 53. DCP-CBR profiles on mixture of subgrade + salvage base – TB4  
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Figure 54. MDP* compaction curves on salvage base layer 1 – TB4  

 
 



56 
 

0 10 20 30 40 50 60 70 80 90 100

M
D

P
*

120

130

140

150

160 Pass 1
Pass 3
Pass 5

TB4 Salvage Base 1 Lane 1 (a = 0.90 mm)

Distance (m)

0 10 20 30 40 50 60 70 80 90 100

M
D

P
*

120

130

140

150

160
Pass 2
Pass 4
Pass 6

Direction of Travel 
= Forward

Direction of Travel = Reverse

TB4 Salvage Base 1 Lane 1 (Static)

0 10 20 30 40 50 60 70 80 90 100

M
D

P
*

120

130

140

150

160 Pass 1
Pass 3
Pass 5

TB4 Salvage Base 1 Lane 2 (a = 0.90 mm)

Distance (m)

0 10 20 30 40 50 60 70 80 90 100

M
D

P
*

120

130

140

150

160
Pass 2
Pass 4
Pass 6

Direction of Travel 
= Forward

Direction of Travel = Reverse

TB4 Salvage Base 1 Lane 2 (Static)

Average Speed = 3.5 km/h

Average Speed = 6.1 km/h

Average Speed = 3.5 km/h

Average Speed = 6.1 km/h

 

Figure 55. MDP* measurements for multiple passes on lanes 1 and 2 on salvage base layer 
1 – TB4  
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Figure 56. Comparison of MDP* measurements and in-situ point measurements on salvage 
base layer 1 lane 1 – TB4  
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Figure 57. Comparison of MDP* measurements and in-situ point measurements on salvage 
base layer 1 lane 2 – TB4  
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Figure 58. MDP* compaction curves on salvage base layer 2 – TB4  
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Figure 59. MDP* measurements for multiple passes on lanes 1 and 2 on salvage base layer 
2 – TB4  
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Figure 60. Comparison of MDP* measurements and in-situ point measurements on salvage 
base layer 2 lane 1 – TBs 4 and 6  
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Figure 61. Comparison of MDP* measurements and in-situ point measurements on salvage 
base layer 2 lane 2 – TBs 4 and 6  
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Figure 62. DCP-CBR profiles on salvage base layer 2 lane 2 – TB4   
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Figure 63. Comparison of DCP-CBR profiles and BST results on salvage base layer 2 lane 2 
from TB4 (with TX5 geogrid) and TB6 (over excavation and replacement in subgrade)  
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Figure 64. Comparison of MDP* measurements and in-situ point measurements on final 
salvage base layer lane 1 – TB5  
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Figure 65. Comparison of MDP* measurements and in-situ point measurements on final 
salvage base layer lane 2 – TB5  
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Geostatistical Analysis 

Geostatistical semivariograms of MDP* values on TB4 mixed subgrade and salvage base layers 
1 and 2 are presented in Figure 66a along with a summary of the spatial statistics (i.e., nugget, 
sill, and range). MDP* semivariogram on the mixed subgrade layer showed a nested spatial 
structure with short-range and long-range components, while the semivariograms on the base 
layers 1 and 2 did not. Similar to findings from the univariate statistics summarized in Table 4, 
comparison of sill values on the three layers indicate that the mixed subgrade is comparatively 
more non-uniform than base layers 1 and 2. MDP* semivariograms on TBs 4, 5, and 6 final 
salvage base layers 1 are presented in Figure 66b. Comparison of sill values on the three test 
beds indicate that TB6 final base layer is more non-uniform than TB5 final base layer, and TB5 
final base layer is more non-uniform than TB4 base layer 2. These findings corroborate with 
findings from the univariate statistics (Table 4).   
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Figure 66. (a) Comparison of MDP semivariograms on TB 4 mixed subgrade, base 1, and 
base 2 layers, (b) Comparison of MDP semivariograms on TB4, 5, and 6 base layers  
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Regression analysis 

Correlations between MDP* IC-MVs and point-MVs for low and high amplitude settings are 
presented in Figure 67 and Figure 68, respectively. Correlations between CMV IC-MVs and 
point-MVs for low and high amplitude settings are presented in Figure 67 and Figure 68, 
respectively.  
 
TBs 4, 5, and 6 generally had stiff conditions and the MDP* values were greater than 135 at all 
point-MV locations. Although the relationships generally showed correct trends, they were weak 
(R2 < 0.5) for all MDP* correlations with point-MVs. The primary reason for such weak 
correlations is primarily attributed to the narrow MDP* measurement range (varied between 135 
and 149). Also, different trends were observed for TB4 and TB5 for MDP* vs. ELWD-Z3 and 
MDP* vs. EFWD-K3 relationships. This is likely because of differences in underlying support 
conditions. No information was available from TB5 to assess those conditions.    
 
CMV correlations with EFWD-K3 and CBR250 yielded R2 > 0.5, while correlations with ELWD-Z3 
yielded R2 = 0.35. No statistically significant relationship was observed between CMV and 
EFWD-D3. 
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Figure 67. Correlations between MDP* (a = 0.90 mm and f = 30 Hz) and point-MVs -  TBs 
4, 5, and 6 
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Figure 68. Correlations between MDP* (a = 1.80 mm and f = 30 Hz) and point-MVs -  TB 4 
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Figure 69. Correlations between CMV (a = 0.90 mm and f = 30 Hz) and point-MVs -  TB 4 
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Figure 70. Correlations between CMV (a = 1.80 mm and f = 30 Hz) and point-MVs -  TB 4 

 
FIELD DEMONSTRATION – OPEN HOUSE 

An open house was conducted on August 12, 2010 as part of this field study 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 and the KUAB FWD 
followed the presentation.  About 50 people attended the open house including representatives 
from North Dakota DOT, FHWA, contractor, Caterpillar, and Butler Machinery. Photographs 
from the open house are presented in Figure 71. Some of the attendees operated the IC rollers 
and received hands-on-experience.  



71 
 

  
  

   
 

      

Figure 71. Photographs from open house on the project site  

 



72 
 

SUMMARY AND CONCLUSIONS 

Results from a field study conducted on the US12 project in Marmarth, ND from August 
9-12, 2009 are presented in this report. The project involved evaluating a Caterpillar CS-56 
padfoot IC roller on silty subgrade materials and a CS-563E smooth drum IC rollers on salvage 
base materials. A total of seven test beds involving calibration and production operations were 
constructed and tested as part of this study. MDP* and CMV IC-MVs were obtained from the 
test beds in conjunction with various in-situ point-MVs from in-situ nuclear gauge, LWD, FWD, 
DCP, and borehole shear test devices. IC-MVs maps on the on-board computer display unit were 
utilized in selecting field QA test locations to simulate a future specification option in some 
production areas. Key findings and conclusions from this field study are provided below: 
 
Padfoot IC Roller on Subgrade Test Beds: 
 
Three subgrade test beds (TBs 1 to 3, and 7) were constructed and tested in this study. TB1 
consisted of three side-by-side calibration lanes compacted in static, low amplitude (a = 0.90 
mm), and high amplitude modes (a = 1.80 mm). TB2 consisted of a one-dimensional test strip 
with visible rutting areas at the surface. TBs 3 and 7 consisted of production areas. Following are 
some key findings and conclusions from these test beds: 
 

 MDP* IC-MVs are influenced by the vibration amplitude settings used during 
compaction. Results from TB1 indicated that on average, MDP* IC-MVs generally 
increased with increasing number of passes when compacted in static and low amplitude 
mode, while in high amplitude mode the compaction growth curve yielded inconsistent 
results between passes. This is attributed to de-compaction of the material at the surface 
and possibly deeper compaction when high amplitude setting is used for compaction. 

 The average MDP* values from TB1 obtained in low amplitude mode were either similar 
or slightly lower (by about 1.02 to 1.05 times) than the MDP* values obtained in static 
mode. The average MDP* values from TB3 production area in low amplitude mode were 
about 1.06 times lower than the MDP* values obtained on in static mode.  

 The average MDP* values from TB1 obtained in high amplitude (a = 1.80 mm) mode 
were lower (by about 1.19 to 1.25 times) than the average MDP* values in static and low 
amplitude modes. 

 The average ELWD-Z2 and CBR250 point-MVs were lower on low and high amplitude mode 
lanes, compared to the lanes compacted in static mode. In contrary, the average d was 
greater on low and high amplitude mode lanes than on static mode lane. 

 Regression analysis results between static MDP* IC-MVs and point-MVs showed R2 
values ranging from 0.15 to 0.54. Static MDP* values were better correlated with ELWD-Z2 

(R2 = 0.54), than with CBR250 (R
2 = 0.17) and d (R

2 = 0.15). This observation is 
generally consistent with findings from several previous case studies that the IC-MVs 
correlate better with stiffness or modulus measurements compared to density 
measurements. Correlations with low and high MDP* IC-MVs generally showed weak 
relationships because of limited and narrow range of measurements.  

 MDP* IC-MVs and LWD point-MVs conducted in TB2 were able to effectively identify 
the soft/rutting areas observed at the surface.  
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 Geostatistical analysis on production areas MDP* IC-MVs indicated nested spherical 
variogram structures with short- and long-range spatial structures. The long-range spatial 
structures are likely linked to the spatial variation in the underlying support conditions 
while the short-range spatial structures are a result of soil properties close to the surface. 
Similar observations were made by previously White et al. (2010). 

 The static MDP* IC-MVs in TB3 production area showed more variability with high sill 
values compared to low amplitude MDP* IC-MVs. This was also evident with a slightly 
higher standard deviation () value for static MDP* over low amplitude MDP*. 

 The average and COV of static MDP* IC-MVs from TBs 3 and 7 production areas were 
similar but the spatial statistics (especially the range values) were substantially different 
between the two test beds. The MDP* values from TB7 showed more spatial continuity 
in the data with comparatively longer range values compared to TB3, while sill values 
were somewhat similar for the two test beds. Longer range values represent 
comparatively more uniform conditions. These differences are not apparent if only 
univariate statistics (i.e., mean, COV) are assessed.  

 
Smooth Drum IC Roller on Salvage Base Materials (Control, Geogrid Reinforced, and Partial 
Core-out and Replace Sections): 
 
Three test beds were constructed and tested with salvage base material. TB4 consisted of two 
salvage base layers reinforced with two TX5 geogrid layers, and were placed over compacted 
mixed subgrade+base.  TB6 was partially treated with core-out and replacement with salvage 
base due to soft subgrade conditions.  TB5 served as a control section with no treatments. On 
TB4, tests were conducted on the mixed subgrade+base layer, and the two salvage base layers. 
On TBs 5 and 6, tests were mostly conducted on the final surface of the salvage base layer. 
Following are the key findings from these test beds.  
 

 CMV IC-MVs showed relatively high variability (COV = 78 to 87%) compared to MDP* 
IC-MVs (COV = 2%) on TB4 mixed subgrade+base layer. The in-situ modulus and 
CBR250 point-MVs showed COV ranging between 30% and 64%. Variations observed in 
the points-MVs corroborated well with the variations in CMV IC-MVs while MDP* IC-
MVs did not capture these variations.    

 MDP* IC-MVs obtained during compaction of salvage base layers indicated slightly 
different trends in the average MDP* compaction growth for forward (in low amplitude 
mode) and reverse (in static mode) passes. MDP* IC-MVs were repeatable for forward 
passes but were affected by variable machine speed for reverse passes, and therefore were 
not repeatable.  

 Results on TB4 indicate that the MDP* IC-MVs and the point-MVs are relatively high 
and less variable on salvage base layer 1 than on the underlying mixed subgrade layer. 
On salvage base layer 2, the point-MVs are on average higher on base layer 2 than on the 
underlying base layer 1 and the mixed subgrade layer. The average MDP* and COV of 
MDP* were about the same on base layers 1 and 2. 

 Variations observed in DCP-CBR profiles corroborated well with variations observed in 
the BST effective shear strength measurements (i.e., cohesion c’ and effective angle of 
internal friction ’) with depth in the base and subgrade layers. 
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 The average MDP* from TB6 control section (i.e., outside the core-out area) was lower 
(by about 1.06 times) and the COV of MDP* was greater than on TB4 (1% on TB4 and 
4% on TB6). The ELWD-Z3, EFWD-K3, and EFWD-D3 point-MVs in the control section were 
also on average lower (by about 1.1 to 1.6 times) than on TB4.  However, it must be 
noted that only limited number of point-MVs (1 to 4) were obtained in this area.  

 MDP* IC-MVs were obtained on TB5 control section on day 1, and day 2 after the area 
was subjected to construction and vehicular traffic. The MDP* IC-MVs were on average 
1.06 times greater on day 2.  

 MDP* IC-MVs were slightly lower (by about 1.04 times) on TB5 control section than on 
the TB4 geogrid reinforced section. The EFWD-K3 point-MVs were also on average slightly 
lower (by about 1.1 times) on TB5 than on TB4, while the average ELWD-Z3 point-MVs 
were about the same. The COV of MDP* IC-MVs and point-MVs on TBs 4 and 5 were 
quite similar.  

 
The results from this study provided new information with application of IC-MVs in conjunction 
with various QA test devices on subgrade and base materials with and without geogrid 
reinforcement.  The study demonstrated several potential advantages of implementing IC roller 
operations and various in-situ testing methods into earthwork construction QC/QA practice.  To 
advance the implementation of IC technology in North Dakota, it is recommended that additional 
field trials be organized with the intent of bringing together various stakeholders to further 
evaluate the IC technologies and initiate discussions on fully developing IC specifications. 
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