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Abstract 

The implementation of Intelligent Compaction (IC) in the construction of transportation 

infrastructure as a tool for quality control of compacted geomaterials has attracted the attention of 

a number of highway agencies. Compaction quality has been conventionally assessed using 

density, and to a less extent, modulus-based spot measurements at selected locations along the 

roadway section. While spot measurements do not provide a thorough rendition of the level of 

compaction of the roadway, IC technology is effective in meeting full coverage requirements. IC 

roller measurements are accelerometer-based measurements recording machine-ground 

interaction assumed to be indicative of the stiffness of the compacted geomaterial. Different 

studies have attempted to relate IC measurement values with traditional deflection-based in situ 

moduli with mixed success. Weak correlations between IC measurements and in-situ spot test 

measurements have been attributed to variation in material properties such as moisture content, 

influence of depth of spot test penetration and the variation in underlying support, in addition to 

the uncertainty in the spatial location of the nearest IC data point. In this study, an approach is 

presented for establishing a spatial relationship between IC and spot test measurements using 

different nondestructive tests such as the Light-Weight Deflectometer, and the Dynamic Cone 

Penetrometer, by implementing a fixed interval analysis for the collected IC data that meets a lot 

size that is suited for contractor rework. This approach shows that a relationship exists between 

the IC measurements and the spot test measurements.  
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Chapter 1: Introduction 

1.1 PROBLEM STATEMENT 

The modulus of geomaterials is one of the main design parameters used in modern 

mechanistic-empirical pavement design guidelines. The mechanical properties of compacted 

geomaterial layers can be estimated either from laboratory or from in-situ test methods. Among 

the field methods, the Falling Weight Deflectometer (FWD), Plate Load Test (PLT) and Dynamic 

Cone Penetrometer (DCP) stand out.  Along with laboratory test methods, deflection-based in-situ 

test methods have been under continuous improvement. The Light-Weight Deflectometer (LWD), 

a portable spot-testing device based on similar principles to the FWD, has gained popularity over 

the past years due to its low cost, portability and ease of setup compared to the more time 

consuming PLT. 

A move toward a deflection- and/or modulus-based quality management through 

nondestructive testing (NDT) has been under continuous development during the past decades. 

Technological improvement of construction technologies has resulted in the rise of the Intelligent 

Compaction (IC) technology—a vibratory roller-based technology—that provides continuous 

evaluation of compaction. The application of the IC in the construction of transportation 

infrastructure as a more rigorous quality management procedure has attracted the attention of a 

number of highway agencies and departments of transportation (DOTs). 

A number of researchers have been involved in studying the correlation between Intelligent 

Compaction Measurement Values (ICMV) and in situ modulus with mixed success as documented 

in White et al. (2005), White et al. (2006), Hossain et al. (2006), and Mooney et al. (2006).  Since 

it is impractical to estimate the exact position of the roller (due to its size), it is virtually impossible 
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to estimate ICMV at a specific point so that it can be related to in situ modulus-based 

measurements. This thesis proposes an approach for comparing ICMV and the spot test moduli 

obtained with LWD and DCP, using data collected at different test sites. This approach provides a 

basis for utilizing IC measurements in quality control operations. In order to establish a method to 

compare the in-situ measurements with those of IC, a fixed interval analysis for ICMVs based on 

the size of area for contractor’s rework is proposed.  

1.2 ORGANIZATION OF THESIS 

This thesis is organized in nine chapters. The current introductory chapter describes the 

problem statement of previous compaction methods and the primary objective of this thesis. 

Chapter 2 presents a literature review of the intelligent compaction technology, the definition of 

IC measurement values, and the different nondestructive spot tests performed during the sites data 

collection. Chapter 3 summarizes the process of data collection during the implementation of IC 

in test sites. It also includes the selection of test sections, spots tests, and geospatial analysis 

processes. Chapters 4 through 7 describe a detailed summary of activities, test results, and 

correlations obtained in test sites which consist of different pavement layers. Chapter 8 compiles 

a series of relationships found between the modulus-based point measurements and ICMV in all 

sites for all different pavement layers. Chapter 9 contains a summary of the thesis, conclusions and 

recommendations for future work. 
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Chapter 2: Literature Review 

2.1 INTRODUCTION 

The estimation of soil properties during and after compaction via integrated vibratory 

measurement systems onboard roller compactors is gaining acceptance in the U.S. earth work and 

design and construction community. Intelligent Compaction is an emerging technology for 

monitoring the compaction process for HMA, base and soil layers and for managing the 

compaction data to improve the quality of compacted layers and to avoid under/over compaction.  

The advantages of intelligent compaction are reported as (Mooney et al. 2010, White and 

Vennapusa 2010): 

• Improved quality and uniformity of compaction 

• Reduced over/under compaction 

• Identification of soft or weak spots 

The following section contains a literature survey of factors affecting properties of 

compacted geomaterials, IC measurement values (ICMVs) and their definitions, different 

modulus-based NDE, and ICMV correlations with spot test measurements. 

2.2 FACTORS IMPACTING PROPERTIES OF COMPACTED GEOMATERIALS 

Mechanistic properties of soil and base materials are used as input parameters for the 

design and evaluation of pavement structures. The construction quality assessment of compacted 

geomaterials is traditionally based on the density and moisture content measurements. There is a 

consensus on the major factors that could affect the properties of geomaterials (Puppala, 2008). 

These factors generally include, but are not limited to stress state, moisture content (including 

degree of saturation or suction), and density.  
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RReviews of the impact of moisture content on modulus can be found in Richter (2006), 

Cary and Zapata (2010) and Siekmeier (2011).  Typically an increase in moisture content will 

decrease matric suction, will increase resilient deformation and hence will decrease the modulus. 

Several recent studies have demonstrated that the difference between the moisture content at 

compaction and testing impacts the modulus more than the moisture content at the time of 

compaction (Khoury and Zaman, 2004, Pacheco and Nazarian, 2011). 

The impact of density on modulus has not been studied as extensively as the impact of 

moisture content. A strong correlation between modulus and density has not been observed in 

many field studies (Mooney et al., 2010; and Von Quintus et al., 2010). Pacheco and Nazarian 

(2011) attributed the lack of a strong correlation to the complex interaction between the moisture 

content, density and degree of saturation of a given material. 

Texas Department of Transportation (TxDOT) current practice for field compaction quality 

control and acceptance for soil and base layers is to determine the compacted density and 

occasionally moisture content by nuclear density gauge (NDG).  TxDOT has considered several 

stiffness-based devices to replace density measurement because stiffness parameters are more 

relevant to pavement design.  Since density is typically measured with spot tests, it cannot 

represent the quality and uniformity of compaction in a continuous manner. Continuous 

assessment of mechanistic soil properties (stiffness or modulus) through roller parameters 

(frequency, amplitude and speed) integrated with global positioning system (defined as Intelligent 

Compaction) can provide a complete compaction and geographic information. 
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2.3 INTELLIGENT COMPACTION MEASUREMENT VALUES 

The concept of correlating stiffness of the compacted layer to the excitation frequency 

(Mooney and Adam, 2007) initiated the use of accelerometers to monitor the compaction process. 

This idea was further improved and became the basis of measurement for some of the roller 

vendors. Caterpillar (CAT) uses this concept as Compaction Meter Value (CMV) while HAMM 

utilizes that as HAMM Measurement Value (HMV). These measurement values are defined as 

(Mooney et al, 2010): 

𝑪𝑴𝑽 =  𝟑𝟎𝟎 × (
𝑨𝟒

𝑨𝟐
)                 (2.1) 

where A2 is the acceleration of the forcing component of the vibration and A4 is the acceleration 

of the first harmonic of the vibration. As indicated in Figure 2.1, the CMV only takes the forcing 

frequency and first harmonic into account. However, if the compacted layer becomes stiffer, the 

other harmonics (A1 through A6 in Figure 2.2) could also be identified during the compaction 

process.   

 

Figure 2.1 - Forcing frequency and vibration harmonics for a soft layer (Nazarian et al, 2015) 
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Figure 2.2 - Forcing frequency and vibration harmonics for a stiff layer (Nazarian et al, 2015) 

The SAKAI Compaction Control Value (CCV) utilizes the following equation to estimate 

the layer stiffness: 

𝐶𝐶𝑉 = 100 × [
𝐴1+𝐴3+𝐴4+𝐴5+𝐴6

𝐴1+𝐴2
]                   (2.2) 

Assuming that the rotational frequency of the forcing mode of the vibration is Ω, parameters A1 

through A6 in Equation 2.2 represent the acceleration of vibration at 0.5Ω, Ω, 1.5Ω, 2Ω, 2.5Ω and 

3Ω, respectively. 

2.4 MODULUS AND DEFLECTION-BASED DEVICES 

Among the most common portable modulus-based devices available in the market, the 

Dynamic Cone Penetrometer (DCP), Electro-Mechanical Stiffness Device (Geogauge), 

Lightweight Deflectometer (LWD), Falling Weight Deflectometer (FWD), Plate Bearing Test, and 

Portable Seismic Property Analyzer (PSPA) stand out.  Table 2.1 compares the costs, speed and 

ease of use of the more portable devices.  Many DOTs have moved away from the Plate Bearing 

Test because of the time necessary to perform the test and the popularity of FWD. On the other 

hand, the logistics of the statewide implementation of the FWD may be problematic. For this 
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reason, the use of faster and more portable devices is on the rise. For instance, LWDs work on the 

same principles at a small fraction of the FWD cost.  

Table 2.1 - Comparison of Tools for Measuring Modulus 

Device DCP Geogauge LWD PSPA 

Parameter Reported Penetration Rate  Modulus 
Deflection/ 

Modulus 
Modulus 

ASTM Standard D-6951 D-6758 E-2583 None 

Expertise needed for data 

collection and 

interpretation 

Minimal Moderate Moderate 

Moderate but 

more than other 

devices 

User-friendliness Easy Easy Easy Easy 

Speed 10 minutes 2 minutes 2 minutes 30 seconds 

Initial Costs $3,000 $6,000 $15,000 $20,000 

 

The Dynamic Cone Penetrometer (DCP) test, shown in Figure 2.3, involves driving a cone 

shaped probe into the soil using a dynamic load and measuring the advancement of the device for 

each applied blow or interval of blows. The depth of penetration is directly impacted by the drop 

height of the weight, cone size, and cone shape. Also, the resistance to penetration is dependent on 

the strength of the material. The strength, in turn, is dependent on density, moisture, and material 

type of the layer evaluated. Detailed documentation of the history and applications of the DCP is 

provided by Amini (2003). They also summarized relationships of DCP penetration rate with CBR, 

resilient modulus and strength. Chen et al. (2001) indicated that the DCP was useful for 

determining the layer thickness, and could be a useful tool when the FWD backcalculated moduli 

were not accurate. Correlations of measurements with the DCP to other devices, such as LWD and 

FWD were studied by Siekmeier et al. (1999), Abu-Farsakh et al. (2005) and Von Quintus et al. 

(2009). The latter also found DCP was successful in locating areas with anomalies at an acceptable 

rate and the results were more dependent on aggregate sizes than other NDT devices. 
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Figure 2.3 – Dynamic Cone Penetrometer (DCP) test 

The Light Weight Deflectometer (LWD), shown in Figure 2.4, is a portable Falling Weight 

Deflectometer (PFWD) that has been developed as an alternative in-situ testing device to the plate 

load test. Generally, the LWD consists of a loading device that produces a defined load pulse, a 

loading plate, one center displacement sensor (and up to two optional additional sensors) to 

measure the center deflection or a deflection bowl. Similar to FWD, the LWD determines the 

stiffness of pavement system by measuring the material’s response under the impact of a load with 

a known magnitude and dropped from a known height. Its potential use of the LWD as a quality 

control/quality assessment device for testing subgrades, base courses, and compacted soil layers 

has been assessed by Alshibli et al. (2005) and Fleming et al. (2007).  Both studies concluded that 

the device was a useful and versatile field quality control and pavement investigation tool if an 

understanding of the device issues was considered by the data users. Yet Petersen et al. (2007) 

found that the equivalent predicted moduli from laboratory resilient modulus tests did not correlate 

with the in-situ stiffness moduli. Vennapusa and White (2009) evaluated key features of 8 

commonly used LWD devices and found that LWD moduli are affected by the size of loading 

plate, plate contact stresses, type and location of deflection sensor; plate rigidity, loading rate, and 

buffer stiffness. Tirado et al. (2015) using finite element modeling showed the variation of results 
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are related to the design of the devices.  Vennapusa and White (2009) also compiled extensive 

relationships between the different LWD devices and other spot test devices. 

     

Figure 2.4 – Light-Weight Deflectometer (LWD) 

Falling Weight Deflectometer (FWD) is a nondestructive field test to assess the material 

properties under simulated traffic loads when performed on top of the finished pavement. The 

FWD measures the pavement deflection at seven points (with 12 in. interval) for a given load. The 

pavement layer parameters, FWD load and measured deflections are used to backcalculate the 

modulus of each pavement layer. 

Plate Load Test (PLT) is a field test for determining the ultimate bearing capacity of 

soil and the likely settlement under a given load. The Plate Load Test consists of loading a steel 

plate placed at the foundation level and recording the settlements corresponding to each load 

increment.  

2.5 ICMV CORRELATIONS WITH MODULUS AND DEFLECTION-BASED DEVICES  

Many research efforts have been focused on investigating the relationships between 

ICMVs and in situ mudulus. Barman et al. (2016) assessed the Intelligent Compaction Analyzer 

(ICA) for quality control and quality improvement during compaction of stabilized subgrade.  The 

study showed that ICA correlated moderately well with the subgrade modulus backcalculated from 

http://www.theconstructioncivil.org/foundation-or-footings
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FWD (R² = 0.63), fairly with the DCP test results (R² = 0.50) and remarkably well with the in situ 

subgrade resilient modulus (R² = 0.72 to 0.97).  

White and Thompson (2008) investigated the correlation between ICMVs and in situ 

measurements of dry unit weight, DCP index and LWD modulus in granular materials. After 

statistical averaging for the entire test strip to reduce measurement variability, the authors obtained 

relationships between coefficients of variation for CMV and in situ test measurements. They 

indicated that the CMV coefficients of variation are similar to DCP and LWD compaction test 

data.    

Mooney et al. (2010) evaluated different IC soil compaction systems, and correlated in situ 

spot moduli to ICMVs measured on a granular base material. The authors were able to obtain good 

regression relationships between the spatially nearest point roller ICMVs and DCP results, while 

poor correlations were obtained with the LWD moduli. They noticed that in situ point 

measurements might not correlate well with ICMVs when nonuniform subsurface conditions are 

evident at depths greater than the influence depth of the point measurements.  

White et al. (2011) examined the factors influencing ICMV correlations with the spot test 

measurements. Some of those factors were the heterogeneity in underlying layer, moisture content 

variation, narrow range of measurements, machine operation setting variation and nonuniform 

drum/soil contact conditions. As part of their study for developing a modulus-based construction 

specification for compaction of earthwork and unbound aggregates, Nazarian et al. (2014) did not 

find a strong correlation between ICMV and in situ moisture content as measured by the Nuclear 

Density Gauge (NDG). Based on the data from the same study, Siddagangaiah et al. (2013) also 

did not find a strong correlation between ICMV and in-situ spot measurements.  They indicated 

that the measurements with different devices were either sensitive to variation in material 



 

 11 

properties such as moisture content and density and that the difference in depth of influence and 

the variation in underlying support reduced the strength of the relationships.  

The development of empirical correlations between LWD modulus and ICMV were taken 

into consideration in different studies (Rahman et al.; 2012; Cai et al., 2017). They demonstrated 

the potential benefits of IC technology in identifying less stiff areas, and the sensitivity of the roller 

measurements to moisture content variation. 
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Chapter 3: Data Collection 

This chapter summarizes the procedures employed at different test sites to collect IC and 

NDT data, and also describes the geospatial analysis of data to identify less-stiff areas in each test 

section.  

3.1 IC DATA COLLECTION PROCESS 

The field test protocol performed by the research team at each test bed for each layer is 

summarized in the following steps: 

1. Identify test strip. The research team coordinated with a contractor to identify a 250 

ft (minimum) to 500 ft (maximum) long, full width test strip. An example of a test 

section is shown in Figure 3.1a. 

2. Set up GPS. The research team set up a GPS base station as shown in Figure 3.1b. 

3. Set up IC roller. The research team coordinated with the contractor to setup the IC 

roller for proper data collection. This included verification of operating frequency, 

speed and amplitude. Compactor was instrumented with UTEP developed data 

acquisition system (DAQ). A picture of an instrumented roller can be seen in Figure 

3.1c. 

4. Carry out construction as normally done. The research team observed the 

construction and compaction of test section but did not interfere with the operation. 

Shortly after compaction the following steps were performed at a time that was least 

disruptive to the contractor.  
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Figure 3.1: Data Collection Steps a) Test Section Selection b) GPS Set-Up c) Roller 

Instrumentation d) LWD Field Testing e) DCP Field Testing 

5. Identify spot test locations. Using the test section layout, the research team 

identified about 44 locations for NDT spot test arranged as grid consisting of four 

rows along the full width, each consisting of 11 points. Each row was located at the 

below the coverage of each roller pass. All rows were equally spaced, adjusted to 

a) b) 

c) d) 

e) 
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meet the full width of the site. The selected number of spot test was used to establish 

the variability in the measurements.  

6. Proof-map test strip. The research team and contractor personnel proof-mapped 

the compacted subgrade with IC roller or instrumented roller after compaction. Test 

section was proof-mapped using one forward pass of the IC roller shortly after 

compaction. 

7. Perform modulus-based NDT field tests. NDT field tests were performed by the 

research team using modulus-based NDT devices (i.e., LWD as shown in Figure 

3.1d. and DCP  as shown in Figure 3.1e), on prepared subgrade after proof-

mapping. 

8. Perform in-situ moisture measurements. Contractor performed nuclear density 

gauge (NDG) testing on the underlying layer.  

9. Retrieve samples for determination of moisture in the laboratory. The research 

team collected samples for further laboratory testing to validate NDG moisture 

results.  

10. Prepare and compact the base layer. The contractor carried out construction of 

base layer. The research team did not interfere with the operation.  

11. Proof-map the completed base with an IC roller after compaction. After setup 

of GPS and IC roller (Steps 2 through 3) by the research team in coordination with 

the contractor, the proof-mapping of the test section was performed where prior 

evaluation of the subgrade had carried out.  
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12. Perform modulus-based NDT field tests. NDT field tests were performed by the 

research team using LWD and when available FWD, on prepared base after proof-

mapping. 

13. Perform in-situ moisture measurements. Contractor or TxDOT personnel 

performed NDG testing on the underlying layer.  

14. Retrieve samples for determination of moisture in the laboratory. The research 

team collected samples for further laboratory testing to validate NDG moisture 

results.  

3.2 IC DATA COLLECTION  

At each construction site, the contractor’s routine compaction process was followed by a 

proof mapping. The goal of the proof mapping, also known as final coverage, was to evaluate the 

compaction uniformity through the identification of less stiff spots and to ensure the complete 

coverage of the compacted section. A map with IC data, in the generic form of Intelligent 

Compaction Measurement Values (ICMV), is rendered by vibratory compactors with IC 

technology. However, the research team had foreseen that IC rollers may not be readily available 

in construction sites. For that reason, a data acquisition system (DAQ) developed at UTEP was 

used to collect vibration data and ground response during IC operations. The system consisted of 

two accelerometers that were mounted on the roller (drum), a data acquisition box, a real time 

kinematic (RTK) GPS antenna and receiver, a power supply and a laptop computer to monitor the 

data collection process. Instrumentation of IC rollers is illustrated in Figure 3.2. 
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Figure 3.2 – Field Site Instrumentation of Roller Compactor: (a) RTK GPS and Wiring of 

Accelerometers to Data Acquisition System and (b) Installation of both Accelerometers to 

Measure Vertical and Horizontal Vibration on Roller Compactor Drum Frame. 

Geo-statistical and geospatial data analysis techniques were employed to visualize and 

interpret the IC data by means of color-coded maps. These maps display the geo-referenced or 

spatial data on a map in which each class is separated by different colors. In this study, three colors, 

green, yellow and red, were used for creating a color-coded map. The goal of using the ICMV 

color-coded maps was to identify the less stiff areas (usually marked as red spots) throughout the 

construction area. 

Figure 3.3 shows a map of the IC data points where ICMVs were obtained by the UTEP 

DAQ system during the mapping of in a section on State Highway 183 in Irving, Texas. Four 

passes, in both forward and reverse directions of the roller, are discernible. Each line, i.e. roller 

pass, is comprised by a series of points representing a GPS location where an ICMV reading is 

recorded. The UTEP DAQ system records five ICMV readings per second. For a roller speed of 3 

mph, ICMVs are recorded at a rate of about 0.9 fps. 

RTK GPS 

Accelerometers and 

Connections to DAQ 

Accelerometer

s 
a) b) 
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Figure 3.3 – IC Data Points Collected During Mapping of a Test Layer (SH 183 in Irving).  

3.3 IN-SITU SPOT TESTS PROCEDURE 

Figure 3.4 illustrates the schematic of a typical test section and spot test grid. The research 

team usually marked 44 test points for spot testing.   

 

Figure 3.4 – Schematic of a Typical Test Section and Locations of Spot Tests. 

3.4 DETERMINING TARGET FIELD VALUES 

For a robust modulus verification process, the target field values should be set in 

conjunction with establishing the design moduli, with consideration of the moisture content at the 

time of compaction and the state of stress imparted by the testing technology to the geomaterial 

layer. The target value should be the deflection for LWD and/or the rate of penetration for DCP. 

Most of the deflection-based devices measure the stiffness of the pavement system, and the 
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reported modulus is based on an elastic-half space Boussinesq theory. This is particularly critical 

for a multi-layered system being tested with deflection.   

Nazarian et al. (2014) developed a multi-layered equivalent-linear algorithm that makes 

use of an iterative process to consider the nonlinear behavior of the pavement materials using the 

modified MEPDG constitutive model described by Equation 3.1 to determine LWD target 

deflection.  
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,        (3.1) 

where θ = bulk stress, τoct = octahedral shear stress, Pa = Atmospheric pressure, and k1,2,3= 

regression constants from laboratory resilient modulus test results. 

3.5 ADJUSTMENT OF LWD EFFECTIVE DEFLECTION 

Moisture variation has been proven over time to affect significantly the responses of 

unbounded geomaterials.   To account the changes in moisture content in the subgrade over the 

design life of a pavement the model proposed by Witczak et al. (2002) using the enhanced 

integrated climatic model (EICM) can be incorporated to adjust the effective LWD deflection, deff, 

as follows: 

 dadj MEPDG = deff × FU,         (3.2) 

 

where FU is determined from: 
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,        (3.3) 

where a = -0.3123 for coarse-grained materials and a = -0.5934 for fine-grained materials 

(minimum of log FU), b = 0.3010 for coarse-grained materials and b = 0.3979 for fine-grained 

materials (maximum of log FU), km = regression parameter (6.8157 and 6.1324 for coarse and fine-
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grained materials, respectively), and Sopt = degree of saturation at optimum moisture content and 

S = degree of saturation at compaction moisture content, expressed in decimal. 

Further development of this model by Cary and Zapata (2010) yielded the following 

approach where a composite environmental adjustment factor Fenv is calculated. The measured 

LWD deflection, deff, can be converted to adjusted deflection, dadj, from 

 dadj = deff / Fenv ,         (3.4) 

 

where Fenv is calculated from: 
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The degree of saturation of the compacted soil samples was determined using the following 

equation: 
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,           (3.6) 

where MC is moisture content at compaction (%), Gs is specific gravity, γw is unit weight of water 

and γd is dry unit weight of soil. Moisture content from the soil samples obtained from the spot test 

locations was obtained from Tex-113-E test procedure. Likewise, the dry density was estimated 

from the moisture-density (M-D) curve as per Tex-113-E. 

3.6 GEOSPATIAL ANALYSIS OF IC DATA AND IN-SITU SPOT TESTS 

The variation of ICMV at a given section is best visualized as color-coded maps. Although 

the use of more than three colors is common in many geospatial analyses, the use of three colors 

(i.e. red, yellow and green) is considered practical for ICMV. The ultimate goal of using the ICMV 

color-coded maps is to identify the less-stiff areas (usually highlighted in red).  



 

 20 

The proper interpretation of the geospatial IC data depends on the optimal selection of the 

class breaks.  Different geospatial classification techniques have been proposed by researchers for 

this purpose. Brewer and Pickle (2002) evaluated the impact of a few classification methods on 

the interpretation of the georeferenced data and recommended the Quantile method followed by 

the Natural Breaks and a modified version of the Equal Intervals method.  The Quantile method 

classifies data by placing equal number of data points in each class, while the Natural Breaks 

method classifies data based on the maximization of the difference or variance-minimization 

between the groups of data (Jenks and Caspall, 1971).  Mazari et al. (2017) evaluated different 

classification techniques on the basis of the information theory concept of minimizing the 

information loss ratio for proposing a technique to find optimal class breaks.  However, most 

available papers have preferred the use of a screening criterion based on a predetermined 

percentage of the average ICMVs. Figure 3.5 shows the IC color-coded maps obtained from field 

testing of a subgrade applying the three aforementioned methods.  The third approach used the 

following class breaks: 

• red (less-stiff) < 75% of average of ICMV, 

• yellow: 75% of average ICMV ≤ ICMV < average ICMV, and 

• green: ICMV ≥ average ICMV. 

Different classification methods yield different distribution of the identified less-stiff areas.  

The current ICMV analysis programs incorporate various processes in order to extrapolate the 

ICMV data points over the width of the roller prior to generating the color-coded maps. Some of 

the extrapolation techniques that are used include the Inverse Distance Weighting (IDW), spline 

and ordinary kriging. The use of these methods enhance the visualization of the data by smoothing 

the color-coded contours and by filling gaps in information. Unfortunately, ICMV data is affected  
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Figure 3.5 – Color-coded Map Depicting IC Data in Terms of CMV on Lime-Treated Subgrade 

Test Section Using (a) Quantile, (b) Natural Breaks, and (c) Percentage of Average ICMV Data 

Using Red: ICMV < 75 % of Average ICMV Data and Green: ICMV > Average ICMV. 

by the inclusion of these tools, as ICMV outliers can be cropped resulting in reduced ranges of 

ICMVs. Kriging, for instance, does not pass through any of the point values and causes interpolated 

values to be greater or less than real values. Spline interpolation does not work well when sample 

points have extreme differences in magnitude and are close together. As compacted geomaterials 

may exhibit high spatial variability in their mechanical properties, a different approach that does 

not need to make use of any interpolation techniques would be desirable. 

For this purpose, a rectangular grid was established equal to the width of the roller and the 

length equal the minimum length of the compacted section that is practical to rework, e.g., 25 ft. 

The schematic of the gridded test section is shown in Figure 3.6. All ICMVs falling inside each 

rectangular buffered area can be statistically analyzed by means of average or other summary 

statistics to represent the level of compaction and uniformity of that area. The coefficient of 

variation of the ICMVs in each grid will represent the variability of the compaction quality.  

Quantile 
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Figure 3.6 – Schematic of test section divided in rectangular buffered areas.  

This approach can also be applied to the spot tests to obtain similar color-coded maps by 

performing modulus-based nondestructive measurements in the vicinity of the center of each 

rectangular area. This serves the purpose of studying the relationship of the stiffness of the material 

as measured by these NDT devices with ICMV measurements as obtained after proof-mapping 

with IC technology. 

3.7 OPTIMIZATION PROCESS FOR IDENTIFYING LESS STIFF AREAS USING IC 

Figure 3.7 provides the result of the process implemented over a lime-treated subgrade 

(LTS) along IH 35 in Fort Worth, Texas. The 500 ft long and 36 ft wide test section was gridded 

using 50 ft by 9 ft rectangular buffer areas as shown in Figure 3.6.  The criteria shown in Table 3.1 

were used to color-code the graphs. Less-stiff areas are identified as those areas with measurements 

below 75% the average measurements (being CMV or number of DCP blows). For the particular 

case of LWD deflection, since larger deflections occur in less-stiff areas, the criterion was 

reversed, i.e. less-stiff areas are identified when LWD deflections were greater than 125% of the 

mean LWD deflections.  The IC roller map shows a total of nine cells with CMVs below 75% of 

the mean CMV (marked in red).  Seven of these nine areas identified by the roller were marked as 

less-stiff on the LWD color-coded map. The rectangular areas enclosed by a blue border indicate 

     250 ft 
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the areas identified as less-stiff in the CMV map but not in the LWD deflection map.  This indicates 

that 22% of less-stiff areas spotted in the CMV map were not in agreement with the less-stiff areas 

found in the LWD map. The percentage of mis-estimated areas increased to 56% when CMVs are 

compared to the number of DCP blows to penetrate 24 in. into the subgrade. 

 

Figure 3.7 – Color-Coded Map Comparison between (a) CMV, (b) LWD Mass Drop Deflection 

and (c) Number of DCP Blows to Penetrate 24 in. as Obtained in Lime-Treated Subgrade at Site 

1. 

Table 3.1 – Criterion for Color-Coded Maps.  

Color 
Criterion for CMV and 

No. of DCP Blows 

Criterion for LWD 

Deflection 

Red < 75% Mean > 125% Mean 

Yellow 75% Mean – Mean Mean – 125% Mean 

Green > Mean < Mean 

 

a

) 

b

) 

c) 
D C B A

500 23 11 12 13

450 11 7 7 11

400 7 5 5 12

350 5 4 6 7

300 6 8 4 9

250 5 6 5 5

200 8 4 5 12

150 6 4 4 27

100 6 5 9 13

50 8 9 8 8

0 11 7 9 10

LWD DeflectionStation 

(ft)D C B A

500 14 24 26 22

450 34 44 35 27

400 38 46 53 34

350 41 41 51 30

300 41 44 51 31

250 43 51 47 32

200 45 53 58 37

150 50 53 45 29

100 42 54 35 25

50 47 49 32 28

0 45 49 38 20

CMVStation 

(ft)
D C B A

250 37 40 44 33

225 44 44 39 29

200 48 60 51 31

175 42 57 49 43

150 44 53 51 41

125 50 42 51 43

100 31 43 42 46

75 42 40 40 25

50 45 34 30 22

25 49 46 43 24

0 45 41 42 35

No. of DCP BlowsStation 

(ft)

39 – 58

CMV

Mean - 39

Std. Deviation - 10

14 – 29

30 – 38

4 – 8

Std. Deviation - 4.5

Mean - 8

LWD Deflection, mils

11 – 27

9 – 10

42 – 60

32 – 41

Mean - 42

Std. Deviation - 8

No. of DCP Blows

22 – 31
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The color-coding criteria should also consider the number of data points per cell as well as 

the level of certainty in the reported values.  To reduce the percentage of mis-estimated areas, a 

systematic search for a different coloring criteria for identifying less-stiff areas was carried out. 

The color-coded criteria optimization approach consisted of varying the class-break for identifying 

the less-stiff areas for both the CMV and the spot test measurements. This criterion varied within 

a range defined from 60% to 90% of the average measured values, for the ICMV data and the NDT 

spot test values. In the case of the LWD deflection, as the stiffness trend is reversed, a range 

between 110% and 140% of the average deflection was used for setting the less-stiff class-break.  

Table 3.2 shows the percentage of mis-estimated areas in the subgrade of Site 1 when color-

coded maps are generated with different levels. For that particular site, the IC roller was able to 

predict all less-stiff areas (shaded cells in Table 3.2), when a class-break criteria were set at 70% 

of the average CMV (or lower) and at 120% of the average LWD deflection (or lower). 

Table 3.2 – Percentage of Misestimated Roller Measurements (Rectangular Buffered Areas 

CMVs) with Respect to LWD Measurements Based on Different Percentages of Average 

Measurements for the Identification of Less-Stiff (Red) Areas 

Percentage of IC Roller 

Misestimated Areas 

Less-Stiff (Red) Area Above % of Average LWD Deflection 
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90 41 41 41 47 47 53 65 
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60 0 0 0 33 33 33 33 
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Chapter 4: Evaluation of IC Data in Fort Worth, IH 35W 

4.1 INTRODUCTION 

Field evaluation was performed on a north-bound frontage road section along IH-35W in 

Fort Worth, Texas, where reconstruction of the road was taking place. Figure 4.1 shows an aerial 

view alongside a map with the location of the test section.   

 

Figure 4.1 - Location of Field Evaluation Site on I-35 in Fort Worth, TX. 

Two layers were evaluated for this study as shown in Figure 4.2.  The first layer consisted 

of a lime-treated subgrade (LTS) with a design thickness of 36 in. Field assessment of the LTS by 

the UTEP team took place on April 14, 2016. The second layer evaluated in this section was a 
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Flexible Base with design thickness of 12 in. Field evaluation for the Flexible Base was carried 

out on May 13, 2016. A figure representative of the pavement structure is shown in Figure 4.2. 

 

Figure 4.2 – Pavement Structure of Test Section 

4.2 FIELD TESTING PROGRAM 

Modulus-based nondestructive spot testing was carried out along a 500 ft-long and 27 ft 

wide section. For this purpose, a grid of spot tests was arranged on the test section along 4 rows, 

each row consisting of 11 spot tests, yielding a total of 44 measurements. Rows of spot test 

measurements follows the paths of the IC roller line passes. The grid was designed to have a 

spacing of 50 ft between measurements longitudinally, and a spacing of 9-ft between each 

transverse point as shown in Figure 4.3a.  The following tests were performed on the test section: 

• Light Weight Deflectometer (LWD). LWD testing was performed on all 44 points on the 

grid. At each location, two consecutive LWD drops were performed and their surface 

displacement measurements were averaged. In those cases where the consecutive 

measurements exceeded 10% of change in deflection, a third LWD measurement was 

recorded. In addition to the spot testing on the grid, LWD testing was also performed at 15 

spots surrounding each location where the Plate Load Tests were performed. The grid 

formed by these 15 spots is shown in Figure 4.3b. 

Flexible Base 

Lime Treated Subgrade 

h = 12 in. 

h = 36 in. 
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Figure 4.3 a) Schematic of the Typical Test Section and Location of Spot Tests and b) Diagram 

of the Testing Area around the PLT Locations. 

• Dynamic Cone Penetrometer (DCP). The lime-treated subgrade layer was tested with the 

DCP in all 44 points of the grid. Similar to LWD, DCP was also performed on three 

locations adjacent to the spots where the Plate Load Tests were conducted, as shown in 

Figure 4.3b. 

• Nuclear Density Gauge (NDG). NDG readings were obtained from 6 different spots 

selected by the contractor. The location of these spots are shown in Figure 4.3a.   

• Plate Load Test (PLT). PLT was performed at five different spots on top of the subgrade 

layer.  These points were chosen by TxDOT personnel based on the mapping of CMVs, 

provided by the contractor. The Plate Load Tests locations are shown in Figure 4.4. 
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• Moisture Content (MC). Samples of the lime-treated subgrade from 44 gridded points 

shown in Figure 4.3a were collected to measure their moisture contents.  

 

Figure 4.4 - Aerial View of the PLT Locations. 

4.3 LIME-TREATED SUBGRADE 

The lime-treated subgrade layer was mapped using a smooth CAT roller equipped with a 

Trimble® IC retrofit kit. The first phase of the construction work was involved with stabilizing the 

subgrade soil using hydrated lime. The spatial distribution of the CMVs collected during the 

mapping of the LTS layer is shown in Figure 4.5a.  Kriging was used to create the extrapolated 

colored figure with CMV values. Figure 4.5b shows the spatial distribution of averaged buffered 

CMVs when the entire section was divided into 44 rectangular areas measuring 9 ft × 50 ft. The 

location of the less stiff areas on both maps are comparable. The histogram of the mapped CMVs 

is presented in Figure 4.6. The maximum CMV is around 75 for the spatial distribution of the raw 
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data and 58 for the averaged data.  The coefficient of variation (COV) of the raw collected CMVs 

is 49% for the LTS layer as shown in Figure 4.6. 

 

Figure 4.5 - Spatial Distribution of (a) Raw and (b) Rectangular Buffered CMV Data Collected 

by IC Roller during Proof-Rolling of LTS Layer. 

 

Figure 4.6 - Distribution of CMV Data Collected by IC Roller during Proof-Rolling of LTS 

Layer. 

Station D C B A

500 14 24 26 22

450 34 44 35 27

400 38 46 53 34

350 41 41 51 30

300 41 44 51 31

250 43 51 47 32

200 45 53 58 37

150 50 53 45 29

100 42 54 35 25

050 47 49 32 28

000 45 49 38 20

CMV

b) CMV 

Mean – 39 

STDEV – 10 

COV – 30% 

14 – 29 

30 – 38 

 39 – 58 
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Once the compaction and mapping of the lime-treated subgrade were completed, field 

testing was performed with the LWD, NDG, PLT and DCP on the compacted layer at 44 points 

shown in 4.3a.  The collected spot test data were imported into ArcGIS software to generate color-

coded geospatial distribution maps. The spline spatial interpolation algorithm was employed for 

the process of spatial interpolation. The classification method for the color criterion was based on 

the mean as obtained for all the different spot test measurements as shown in Table 4.1. 

Table 4.1. Criterion for Color-Coded Maps 

Color Criterion 

Red < 0.75 Mean 

Yellow 0.75 Mean - Mean 

Green > Mean 

 

Figure 4.7 illustrates the spatial distribution of the LWD modulus on top of the compacted 

LTS layer. The LWD moduli varied from 9 ksi to 57 ksi with an average of 33 ksi and a COV of 

36%. The northern and southeastern areas of the test section showed lower LWD moduli which is 

in agreement with the CMV data in Figures 4.5a and 4.5b.  

Figure 4.8 summarizes the DCP results on the compacted LTS layer. The estimated DCP 

number of blows required to penetrate to a depth of 24 in. ranged from 22 blows to 60 blows with 

an average of 42 blows and a COV of 19%. The DCP is a layer specific device since it reflects the 

properties of the layer of interest as compared to LWD that reports a composite modulus of the 

underlying layers. Similar to LWD, the southeastern parts required fewer DCP blows than the mid-

section, where the LTS is stiffer. This is in agreement with the LWD geospatial distribution shown 

in Figure 4.6 and bears resemblance to the CMV geospatial distribution shown in Figure 4.5b.   
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Figure 4.7 – Spatial Distribution of LWD Modulus on LTS Layer. 

 

Figure 4.8 – Spatial Distribution of Number of DCP Blows on LTS Layer. 

Station D C B A

500 10 20 18 17

450 20 33 34 22

400 34 44 50 19

350 43 52 38 34

300 40 27 53 26

250 49 41 48 43

200 27 53 43 19

150 37 56 53 9

100 37 43 26 18

050 29 27 29 30

000 21 31 27 26

LWD

Station D C B A

500 37 40 44 33

450 44 44 39 29

400 48 60 51 31

350 42 57 49 43

300 44 53 51 41

250 50 42 51 43

200 31 43 42 46

150 42 40 40 25

100 45 34 30 22

050 49 46 43 24

000 45 41 42 35

DCP, # Of Blows
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Figure 4.9 illustrates the spatial distribution of the moisture content found at the surface of 

the LTS layer. The moisture content varied from 15% to 24% with an average of 19% and a COV 

of 38%. Throughout the test section the areas with lower moisture content are in agreement with 

the stiffer areas found in the CMV data. 

 

Figure 4.9 – Spatial Distribution of Moisture Content of LTS Layer. 

A comparison between the LWD modulus and the CMV data at different stations is 

illustrated in Figure 4.10a. An LWD target modulus of 32 ksi, which was determined using a multi-

layer linear elastic analysis, is included in Figure 4.10a. Both data sets show similar trends. The 

center part of the test section showed higher LWD modulus and CMVs than the northern and 

southern ends of the test section. In addition, average LWD moduli in the center part of the section 

were greater than the LWD target modulus, while the values reported at the ends of the test section 

were lower. A similar comparison using the number of DCP blows to penetrate 24 in. in depth and 

Station D C B A

500 18 18 20 20

450 17 16 18 21

400 16 17 15 18

350 18 16 17 17

300 17 16 17 19

250 18 17 16 19

200 17 17 19

150 16 16 19 24

100 16 19 18 22

050 17 19 21 22

000 16 20 19 21

Moisture, %
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CMV data is shown in Figure 4.10b. Though not as manifest as with LWD, some similarity in the 

trend may be seen between the number of DCP blows and CMV. 

 

 

 

 Figure 4.10 – Relationship between averaged (a) LWD Modulus and (b) Number of DCP 

blows vs. CMV. 

Plate load tests (PLT) were performed at five different locations shown in Figure 4.4. LWD 

measurements were taken at fifteen points in a 12 ft×6 ft gridded area around the PLT test spot, as 

shown in Figure 4.3b. These measurements were mapped using the same criterion shown in Table 

4.1. The geospatial variations of the LWD moduli around the PLT locations are shown in Figure 

4.11. The PLT moduli varied from 10 ksi to 43 ksi with an average of 28 ksi. Descriptive statistics 

of LWD moduli for each rectangular buffer around the PLT location are included next to the 

mapped LWD moduli.  
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Figure 4.11 – Spatial Distribution of LWD at Different PLT locations. 

  

PLT  

43 ksi  

LWD, ksi 

Mean – 37 

STDEV – 5 

COV – 14 % 

26 - 28 

29 - 37 

38 - 51 

a)  PLT @ 

STA 

1595+25 

PLT 

37 ksi  

LWD, ksi 

Mean – 22 

STDEV – 2 

COV - 9 % 

< 18 

19 – 22 

23 - 36 

 

b)  PLT @ 

STA 

1593+00 

 

PLT  

10 ksi  

LWD, ksi 
Mean – 10 

STDEV – 4 

COV - 40 % 

3 - 8 

9 - 10 

11 - 21 

 

c)  PLT@ 

STA 

1590+25 

 
 

PLT  

24 ksi  

LWD, ksi 

Mean – 25 

STDEV – 4 

COV - 16 % 

17 - 19 

20 – 25 

26 - 36 

 

d)  PLT @ 

STA 

1588+00 

 

PLT  

25 ksi  

LWD, ksi 

Mean – 27 

STDEV – 7 

COV - 26 % 

13 - 20 

21 - 27 

28 - 49 

 

e)  PLT@ STA 

1582+00 
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Considerable variation around the spot tests can be observed. The maximum COV of LWD 

moduli was 40% at station 1590+25 as shown in Figure 4.11c.  Setup of equipment and test 

duration of the PLT took about 2 hours per spot test, while for the LWD it took no more than 5 

minutes.  In general, the results in terms of moduli obtained by both NDT devices were similar in 

magnitude. 

4.4 FLEXIBLE BASE 

Figure 4.12a illustrates the spatial distribution of the CMV data during the mapping of the 

compacted base layer.  Figure 4.12b shows the spatial distribution of averaged buffered CMVs 

when the entire section was divided into 44 rectangular buffer areas measuring 9 ft × 50 ft. The 

histogram of the CMV distribution depicted in Figure 4.13 exhibits a considerable change in the 

trend of the collected CMV data. The average CMV seems to be higher than the previous layer 

and the COV is reduced to 17%.  

 

Figure 4.12 - Spatial Distribution of (a) Raw and (b) Rectangular Buffered CMV Data Collected 

by IC Roller during Proof-Rolling of Flexible Base Layer. 

 

Station D C B A

250 77 81 81 78

225 85 84 73 82

200 66 65 74 80

175 70 79 80 69

150 85 96 80 67

125 84 87 75 66

100 83 92 83 80

75 87 91 78 79

50 87 90 80 75

25 77 85 82 78

0 69 86 84 76

CMV
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Figure 4.13- Distribution of CMV Data Collected by IC Roller during Proof-Rolling of Flexible 

Base Layer. 

The LWD moduli measured at the 44 points vary from 12 ksi to 52 ksi, with an average of 

26 ksi and COV of 35% (see Figure 4.14). The areas of the test section showing higher LWD 

moduli are in accordance with the CMV data shown in Figure 4.12a.   

 

Figure 4.14 – Spatial Distribution of LWD Modulus of Flexible Base Layer. 

Station D C B A

250 19 33 34 21

225 17 37 25 22

200 24 42 29 30

175 20 31 30 24

150 39 33 29 52

125 14 19 30 25

100 18 20 33 35

75 18 25 37 34

50 16 22 37 18

25 19 23 26 28

0 12 17 13 12

LWD, ELWD

LWD, ksi 

Mean – 26 

Std. Dev. – 9 

12 – 19 

20 – 26 

 27 – 52 
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Figure 4.15 summarizes the DCP results on the compacted FB layer. The estimated number 

of DCP blows required to penetrate to a depth of 12 in. ranged from 45 blows to 155 blows with 

an average of 100 blows and a COV of 26%.  

Figure 4.16 illustrates the spatial distribution of the moisture content of the base layer. The 

moisture content varied from 5% to 18% with an average of 10% and a COV of 20%. The moisture 

content was fairly constant except for a few points showing a higher level of moisture. No well-

defined visual resemblance was seen between moisture content and CMV. 

 

 

Figure 4.15 – Spatial Distribution of Number of DCP Blows of Flexible Base Layer to Penetrate 

12 in. 

Station D C B A

250 97 156 72 120

225 72 135 64 116

200 108 155 103 100

175 83 77 72 77

150 127 124 86 130

125 78 82 112 98

100 88 115 122 110

75 90 80 145 97

50 65 113 105 75

25 70 105 91 155

0 45 121 115 70

LWD, ELWD

DCP, # of Blows 

Mean – 100 

Std. Dev. – 26 

45 – 75 

76 – 100 

 100 – 155 
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Figure 4.16 – Spatial Distribution of Moisture Content of Flexible Base Layer.  

A comparison between the LWD moduli and the CMV data at different stations is 

illustrated in Figure 4.17a. The LWD moduli and CMV results showed some resemblance, though 

definitely not as strong as trends seen on the LTS, shown in Figure 4.10a. Besides, most LWD 

moduli were below the target LWD modulus of 32 ksi. A similar comparison using the number of 

DCP blows and CMV data is shown in Figure 4.17b. The trend observed for the number of blows 

per station was similar to LWD modulus. 

 

 

Station D C B A

250 18 11 7 5

225 12 9 11

200 7 9 11

175 9 10 11 9

150 9 9 10 13

125 9 8 12

100 9 10 11

75 11 10 9 9

50 10 11 9

25 10 9

0 10 9 9 7

LWD, MC%

MC, % 

Mean – 10 

Std. Dev. – 2 

13 - 18 

10 – 12 

 5 – 9 
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Figure 4.17 – Relationship between Averaged (a) LWD Modulus and (b) Number of DCP Blows 

to Penetrate 12 in vs. CMV.  

4.5 GEOSPATIAL CLASSIFICATION FOR DEVELOPING OPTIMIZED COLOR-CODED MAPS 

In an effort to reduce the number of spot test measurements based an optimal classification 

system it is necessary to link the spot test measurements to the collected ICMV data. As indicated 

before, the vibration data is collected at a discrete point on the roller. The current IC data analysis 

programs incorporate various interpolation processes in order to extrapolate the ICMV data points 

over the width of the roller prior to generating the color-coded maps. Some of the extrapolation 

techniques that are used include the Inverse Distance Weighting (IDW) and Spline and Ordinary 

Kriging. The use of these methods enhance the visualization of the data by smoothing the color-

coded contours and by filling gaps in information. Unfortunately, ICMV data is affected by the 

inclusion of these tools, as ICMV outliers can be cropped resulting in reduced ranges of ICMVs 
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array of values. As we mentioned earlier Kriging, for instance, does not pass through any of the 

point values and causes interpolated values to be higher or lower than real values. Spline 

interpolation does not work well when sample points have extreme differences in magnitude and 

are close together.   

An optimum classification system would allow the geospatial data obtained with IC roller 

and the spot tests such as LWD.  For this purpose, spot test measurements using LWD and DCP 

were performed at equidistant distances along several sites.  An example of such a grid is shown 

in Figure 4.18.  Usually, a set of 44 spots test were performed, comprising a grid of an array of 

elven recordings along the longitudinal direction and four along the transverse direction of the test 

section. Following the process discussed before, a rectangular buffer area was selected around 

each spot test location. The IC data measurements within each rectangular buffered area were 

averaged to obtain a representative CMV for that block.  Color-coded maps were created for the 

representative CMV values and the spot test measured values, with the purpose of relating the less 

stiff geospatially referenced data from the two devices. This approach was implemented at several 

sites. 
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Figure 4.18 – Schematic of Location of Georeferenced LWD and DCP Spot Tests. 

Figure 4.19 compares the collected and processed CMV data and LWD modulus for a 500 

ft long and 27 ft wide lime-stabilized layer.   Using the criterion selected for previous field studies 

(shown in Table 4.1), some rectangular areas marked in red on the CMV map are not shown as 

less-stiff areas on the LWD surface modulus map.  For example, in Figure 4.19a, the IC roller 

predicted nine rectangular areas as less-stiff. Seven of these areas were predicted to be less-stiff 

on the LWD map as well. As such, 22% of less-stiff areas spotted in the CMV map were not in 

agreement with the less-stiff areas found in the LWD map.  
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Figure 4.19 – Color-Coded Map Comparison between a) CMV and b) LWD Surface Modulus. 

In an effort to reduce this percentage, a different color criterion is necessary to improve the 

IC roller prediction process for identifying the less-stiff areas. The approach consisted of varying 

the criterion for identifying the less-stiff areas for both the CMV and LWD surface modulus 

mappings. This criterion varied between a range of 60% to 90% of the average measured values, 

for the ICMV data and LWD surface moduli. Table 4.2 shows the percentage of mismatched areas 

of the IC roller predicted less-stiff areas. The IC roller was able to predict less-stiff areas, with 

confidence that all areas were also identified by the LWD as less-stiff, when a criterion mark for 

less-stiff is set at 70% of the average CMV (or lower), and when a criterion mark for less-stiff is 

set at 80% of the average LWD surface modulus (or higher). The color maps from this process is 

shown in Figure 4.20.  This approach is currently under evaluation at other sites and with the other 

class breaks discussed above. 

D C B A

500 14 24 26 22

450 34 44 35 27

400 38 46 53 34

350 41 41 51 30

300 41 44 51 31

250 43 51 47 32

200 45 53 58 37

150 50 53 45 29

100 42 54 35 25

50 47 49 32 28

0 45 49 38 20

CMV
D C B A

500 10 20 18 17

450 20 33 34 22

400 34 44 50 19

350 43 52 38 34

300 40 27 53 26

250 49 41 48 43

200 27 53 43 19

150 37 56 53 9

100 37 43 26 18

50 29 27 29 30

0 21 31 27 26

LWD
a) CMV 

Mean – 39 

Standard 

Deviation – 9 

   14 – 29 

   30 – 38 

    39 – 58 

LWD, ksi 

Mean – 34 

Standard 

Deviation – 11 

    9 – 24 

  25 – 33 

  34 – 56 

b) 
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Table 4.2 – Percentage of Disagreement in Rectangular Buffered Areas between CMV and LWD 

Modulus Based on Different Color-Criteria for the Less-Stiff (Red) Areas. 

 Less-Stiff (Red) Area Below % of Average ELWD  
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  90 85 80 75 70 65 60 

90 24 29 29 47 47 53 65 

85 23 31 31 46 46 54 62 

80 18 18 18 36 36 45 55 

75 11 11 11 22 22 33 44 

70 0 0 0 14 14 29 43 

65 0 0 0 17 17 17 33 

60 0 0 0 33 33 33 33 

 

 

Figure 4.20 – Optimized Color-Coded Map Comparison between (a) CMV Using Less-Stiff 

(Red) Areas when CMV < 75% of Average of CMVs, and (b) LWD Using Less-Stiff (Red) 

Areas when ELWD < 80% of Average ELWD Values.  

D C B A

500 14 24 26 22

450 34 44 35 27

400 38 46 53 34

350 41 41 51 30

300 41 44 51 31

250 43 51 47 32

200 45 53 58 37

150 50 53 45 29

100 42 54 35 25

50 47 49 32 28

0 45 49 38 20

CMV
D C B A

500 10 20 18 17

450 20 33 34 22

400 34 44 50 19

350 43 52 38 34

300 40 27 53 26

250 49 41 48 43

200 27 53 43 19

150 37 56 53 9

100 37 43 26 18

50 29 27 29 30

0 21 31 27 26

LWD

CMV 

Mean – 39 

Std. Dev. – 11 

14 – 27 

28 – 38 

 39 – 58 

LWD, ksi 

Mean – 34 

Std. Dev. – 12 

9 – 26 

27 – 33 

 34 – 56 

b) a) 
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Chapter 5: Evaluation of IC Data in Georgetown, FM1460 

5.1 INTRODUCTION 

Field evaluation was performed on a 250-ft section as part of an expansion of farm-to-

market road FM 1460 in Georgetown, Texas. Figure 5.1 shows an aerial view of the of the test 

section alongside a map with the location of the test section within the Georgetown area.  

 

Figure 5.1 - Location of Field Evaluation Site on FM140 in Georgetown, TX. 

The pavement section consisted of a 12-in. thick flexible (unbound) aggregate base layer 

over an 8 in. lime-treated subgrade (LTS), on top of untreated subgrade as shown in Figure 5.2. 
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Mapping and field evaluation of the LTS took place on June 20, 2016. The evaluation of the base 

was carried out on July 15, 2016.  

 

Figure 5.2 – Pavement Structure of Test Section 

5.2 FIELD TESTING PROGRAM 

Spot testing was carried out along a 250 ft long and 24 ft wide section. A grid consisting 

of 44 points divided in 4 columns of 11 points each was selected for the location of the spot tests. 

The grid was designed with a spacing of 25 ft between each of the 11 points, and a spacing of 8 ft 

between each column as shown in Figure 5.3a. The evaluation of the base layer was carried out 

only along a 150 ft length as shown in Figure 5.3b, because the rest of the section was not 

compacted.  LWD and DCP tests were carried out at each point as discussed above.  In addition, 

moisture content samples were collected at all test locations. 

5.3 LIME TREATED SUBGRADE 

The lime treated subgrade layer was mapped using a smooth CAT roller equipped with a 

Trimble® IC retrofit kit. The first phase of the construction consisted of stabilizing the subgrade 

soil using hydrated lime. 
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Figure 5.3 - Schematic of the Typical Test Section and Location of Spot Tests for  

(a) Lime-Treated Subgrade and (b) Flexible Base Layer. 

The spatial distribution of the CMVs collected during the mapping of the LTS layer is 

shown in Figure 5.4a.  Figure 5.4b shows the spatial distribution of averaged buffered CMVs when 

the entire section was divided into 44 rectangular buffer areas measuring 8 ft × 25 ft. The location 

of the less stiff areas on both maps are comparable.  

The histogram of the mapped CMVs is summarized in Figure 5.4. The maximum CMV 

was about 41 for the spatial distribution of the raw data and 36 for the averaged data. COV of 

CMVs was 46%, as shown in Figure 5.5.  
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Figure 5.4 - Spatial Distribution of (a) Raw and (b) Rectangular Buffered CMV Data Collected 

by IC Roller during Proof-Rolling of LTS Layer. 

 

Figure 5.5 - Distribution of CMV Data Collected by IC Roller during Proof-Rolling of LTS 

Layer. 

Once the compaction and proof-mapping of the lime-treated subgrade was completed, field 

testing was performed with the LWD and DCP on the compacted layer at 44 points along the test 

section. The collected spot test data were imported into ArcGIS software to generate color-coded 

geospatial distribution maps. The spline spatial interpolation algorithm was employed for the 
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process of spatial interpolation. The classification method for the color criterion was based on the 

mean as obtained for all the different spot test measurements as shown in Table 4.1. 

Figure 5.6 illustrates the spatial distribution of the LWD modulus on top of the compacted 

LTS layer. The LWD moduli varied from 4 ksi to 16 ksi with an average of 7 ksi and a COV of 

29%. The northern and southern parts of the test section showed lower LWD moduli which is in 

agreement with the CMV data shown in Figures 5.4a and 5.4b.  

 

Figure 5.6 – Spatial Distribution of LWD Modulus on LTS Layer. 

Figure 5.7 summarizes the DCP results on the compacted LTS layer. The numbers of DCP 

blows required to penetrate to a depth of 24 in. ranged from 18 blows to 92 blows with an average 

of 31 blows and a COV of 55%. Similar to LWD, the northern and southern parts required fewer 

DCP blows than the mid-section, where the LTS is stiffer. This is in agreement with the LWD 

geospatial distribution, and bears resemblance to the CMV geospatial distribution.  

 

LWD, ksi 

Mean – 7 

STDEV – 2 

COV 29 % 

4 - 5 

6 – 7 
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Figure 5.7 – Spatial Distribution of Number of DCP Blows on LTS Layer. 

Figure 5.8 illustrates the spatial distribution of the moisture content of the LTS layer. The 

moisture content varied from 10% to 16% with an average of 14% and a COV of 7%. No well-

defined visual relationship is seen between moisture content and CMV nor with the other modulus-

based measurements.  

A comparison between the LWD moduli and CMV data at different stations is illustrated 

in Figure 5.9a.  Likewise, the comparison using the number of DCP blows and CMV data is shown 

in Figure 5.9b. A similar trend is evident between CMV and the modulus-based measurements.  

 

DCP, # of Blows 

Mean – 31 
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COV - 55 % 
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  24 - 31 
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Figure 5.8 – Spatial Distribution of Moisture Content of LTS Layer. 

 

 

Figure 5.9 – Relationship between Averaged (a) LWD Modulus and (b) Number of DCP Blows 

vs. Average CMV per Station. 

MC, % 
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COV - 7 % 

> 16 

14 - 15 
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5.4 FLEXIBLE BASE 

Figure 5.10a illustrates the spatial distribution of CMV data during the mapping of the base 

layer. Figure 5.10b shows the spatial distribution of averaged buffered CMVs when the entire 

section was divided into 28 rectangular buffer areas measuring 8 ft × 25 ft.  

The histogram of the CMV distribution depicted in Figure 5.11 exhibits that the average 

CMV increased to 61, a magnitude greater than that obtained for the LTS, with a COV of 44%.  

 

Figure 5.10 - Spatial Distribution of (a) Raw and (b) Square Buffered CMV Data Collected by 

IC Roller during Proof-Rolling of Flexible Base Layer. 

 

Figure 5.11 - Distribution of CMV Data Collected by IC Roller during Proof-Rolling of Flexible 

Base Layer. 
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The LWD tests were conducted on the spot locations shown in Figure 5.3b within the test 

section. Figure 5.12 illustrates the spatial distribution of the LWD moduli on top of the compacted 

base. The LWD moduli varied from 26 ksi to 51 ksi, with an average of 35 ksi and COV of 17%. 

The areas of the test section showing higher LWD moduli are somewhat in accordance with the 

CMV data shown in Figures 5.10a and 5.10b; however, less stiff areas as determined by the LWD 

were not in accordance with the CMV.   

 

Figure 5.12 - Spatial Distribution of LWD Modulus of Flexible Base Layer.  

Figure 5.13 summarizes the DCP results on the compacted base. The estimated number of 

DCP blows required to penetrate to a depth of 12 in. ranged from 180 blows to 360 blows with an 

average of 252 blows and a COV of 17%. Both LWD and DCP indicated that the layer was mostly 

uniform and stiff, but color maps were not comparable.  

Figure 5.14 illustrates the spatial distribution of the moisture content of the Flexible Base 

layer. The percentage of moisture content varied from 2% to 5% with an average of 4% and a COV 
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of 14%. Mapping of moisture content did not bear resemblance to the mapping of any of the other 

measurements, possibly due to low variation of results and the chosen criterion. 

 

Figure 5.13 – Spatial Distribution of Number of DCP Blows of FB Layer. 

 

Figure 5.14 – Spatial Distribution of Moisture Content of Flexible Base Layer.  
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A comparison between LWD moduli and CMV data at different stations is illustrated in 

Figure 5.15a. Unlike the mapping, LWD moduli and the CMV results show a similarity in the 

trends when evaluated with respect to stations. Likewise, the number of DCP blows and CMV data 

per station, shown in Figure 5.15b, indicates good relationship may be seen between the trends of 

both measurements. 

 

 

Figure 5.15 – Relationship between Averaged (a) LWD Modulus and (b) Number of DCP Blows 

vs CMV in Flexible Base. 
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5.5  IMPLEMENTATION OF OPTIMIZATION PROCESS FOR IDENTIFYING LOW STIFF AREAS 

USING IC 

The optimization process described in section 3.7 was applied to attempt to reduce the 

quantity of mistakenly identified low stiff areas. Table 5.1 shows the percentage of mis-estimated 

areas on the subgrade layer comparing LWD surface deflections and CMVs. For this  particular 

layer, the IC roller was able to predict almost all less-stiff areas (shaded cells in Table 6.1), when 

a class-break criteria were set at 65% of the average CMV (or lower) and at 120% of the average 

LWD deflection (or lower). The IC roller prediction improved using the same class-break criteria 

on the DCP results.  

Table 5.1 – Percentage of Mis-Estimated CMV Less-Stiff when Compared to Less-Stiff Areas as 

Predicted by the LWD Surface Deflection in LTS layer. 

< % Average 

CMV 

> % of Average LWD Surface Deflection, dLWD 

110 115 120 125 130 135 140 

90 23 59 59 59 82 82 82 

85 23 59 59 59 82 82 82 

80 21 58 58 58 79 79 79 

75 21 58 58 58 79 79 79 

70 21 50 50 50 71 71 71 

65 0 25 25 25 50 50 50 

60 0 25 25 25 50 50 50 

Table 5.2 – Percentage of Mis-Estimated CMV Less-Stiff when Compared to Less-Stiff Areas as 

Predicted by the DCP in Subgrade.  

< % Average 

CMV 

< % of Average Number of DCP Blows 

90 85 80 75 70 65 60 

90 10 14 29 43 71 90 95 

85 10 14 29 43 71 90 95 

80 11 16 26 42 68 89 95 

75 11 16 26 42 68 89 95 

70 7 14 29 43 57 86 93 

65 0 0 0 0 0 50 75 

60 0 0 0 0 0 50 75 
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Chapter 6: Evaluation of IC Data in Irving, Texas 

6.1 INTRODUCTION 

A test section along the west-bound TX-183 in Irving, TX was used for this field 

evaluation. Figure 6.1 shows an aerial view of the test section. 

 

Figure 6.1 - Location of Field Evaluation Site on TX-183 in Irving, TX. 

The field evaluation was conducted on two different pavement layers. The first layer 

consisted of an 8 in. lime-treated subgrade (LTS) on top of subgrade. Field evaluation of the LTS 

took place on April 25, 2017. The second layer evaluated at this section was a 12 in. flexible base 

layer as shown in Figure 6.2. IC roller compaction and NDT testing of the base were carried out 

on May 9, 2017.  

 



 

 57 

 

Figure 6.2 – Pavement Structure of Test Section 

6.2 FIELD TESTING PROGRAM 

Nondestructive testing (NDT) and proof-rolling was performed on a 250 ft.-long and 21 

ft.-wide section. To locate the spots to carry out the different tests, a grid consisting of 44 points 

divided in 4 columns of 11 points each was arranged on the site. The grid was designed with a 

spacing of 25 ft between each of the 11 points, and a spacing of 7 ft between each column, as 

shown in Figure 6.3. LWD and DCP tests were carried out at each point as discussed above.  In 

addition, moisture content samples were collected at all test locations.   

 

Figure 6.3 – (a) Schematic of the Test Section, (b) Site View with Grid Overimposed over Test 

Section and (c) Satellite View Showing Spot Test Points. 
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Lime Treated Subgrade 
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UTEP’s data acquisition system was employed for the proof-mapping during this field 

evaluation.  A map of the IC data obtained by the acquisition system during the proof-mapping of 

the subgrade is shown on Figure 6.4. 

 

 

Figure 6.4 – IC Data Points Collected During Proof-Mapping of Subgrade Layer  

6.3 LIME-TREATED SUBGRADE 

The lime-treated subgrade layer was proof-mapped using a padfoot CAT CS78B roller 

equipped with an IC retrofit kit. The histogram of the mapped CMVs is summarized in Figure 6.5. 

The average CMV value was 11 with a COV of 86%. 

 

Figure 6.5 - Distribution of CMV Data Collected by IC Roller on top of LTS Layer. 
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Based on the 25 by 7 ft spacing between the locations of the LWD spots, rectangular 

buffered areas were created around each LWD spot location. IC data points found within these 

blocks was averaged to obtain a unique ICMV to represent that block. In a few cases there were 

no IC data points found within the limits of the created blocks, as in the case of cells A250, D250, 

B125, and B150. Color-coded maps, shown in Figure 6.6, were created using the criterion shown 

in Table 4.1 to compare the values obtained in each block for the IC data and the LWD deflections.  

The spatial distribution of the averaged CMVs is shown in Figure 6.6a. The values found 

in the averaged CMV blocks ranged from a minimum of 5 to a maximum of 179, with a mean of 

33. Figure 6.6b illustrates the spatial distribution of the deflections created during the LWD testing 

on top of the LTS layer. The LWD deflections varied from 8 mils to 47 mils with an average of 22 

mils. The LWD deflection map reveals a region that is less-stiff at the upper left section of the site, 

i.e. between Stations 175 to 250, Lines C-D. This area was not revealed on the CMV map.   

The coefficient of variation of CMVs within the buffered revealed that the blocks along 

Line A and along Stations 0 and 250 had highly variable CMVs, as shown in Figure 6.7.  
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Figure 6.6 – Spatial Variation Comparison between (a) CMV and (b) LWD Deflection. 

 

Figure 6.7 – Spatial Variation of Coefficient of Variation of CMV within each Buffered Area. 
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Figure 6.8 summarizes the DCP results on the compacted LTS layer. The numbers of DCP 

blows required to penetrate to a depth of 18 in. ranged from 14 blows to 83 blows with an average 

of 36 blows and a COV of 45%. Similar to LWD, the upper-left part of the distributed map required 

fewer DCP blows than the rest of the test section and, thus, is identified as a less-stiff area. 

Comparison between the LWD and DCP moduli and the CMV data at different stations are 

illustrated in Figure 6.9. Due to the highly variable nature of the data, it is hard to visualize a 

correlation among different tests.  

 

 

Figure 6.8 – Spatial Variation Comparison between (a) CMV and (b) Number of DCP Blows to 

Penetrate 18 in. on LTS Layer. 
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Figure 6.9 – Relationship between Averaged (a) LWD Surface Deflection and (b) Number of 

DCP Blows to Penetrate 18 in. vs. Average CMV per Station. 

Figure 6.10 illustrates the spatial distribution of the moisture content of the LTS layer. The 

moisture content varied from 9% to 20% with an average of 14%. Since moisture content was 

mostly uniform throughout the test section, very minor areas were marked as red (high moisture 

content). No well-defined visual relationship is seen between moisture content and CMV nor with 

the other modulus-based measurements. 
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Figure 6.10 – Spatial Distribution of Moisture Content of LTS Layer. 

6.4 FLEXIBLE BASE 

The next phase of the construction consisted of placing and compacting the 8 in. Flexible 

Base (FB) layer. The tested area for the flexible base was the same area evaluated for the LTS. 

The histogram of the mapped CMVs is shown in Figure 6.11. The average CMV was 25 with a 

COV of 45%.  

 

Figure 6.11 - Distribution of CMV Data Collected by IC Roller during Proof-Rolling of Flexible 

Base Layer.  

D C B A

250 15 14 9 12

225 17 14 11 13

200 15 12 12 15

175 17 15 12 15

150 12 14 11 16

125 14 13 15 17

100 15 13 14 20

75 17 13 14 17

50 15 15 11 16

25 18 18 16 16

0 14 15 15 16

MC,%

Moisture Content 

Mean – 14% 

Standard 

Deviation – 2% 

 18% – 20% 

 15% – 17% 

 9% – 14% 

Station 



 

 64 

Figure 6.12 shows the IC data points collected during the compaction of the layer and the 

rectangular buffered areas created around the spot tests locations.  No data are collected along Line 

D. 

 

Figure 6.12 - Data Collected by IC Roller on top of Base Divided in Rectangular Buffered Areas. 

The spatial distribution of averaged CMVs is shown in Figure 6.13a. The values found in 

the averaged CMV blocks ranged from a minimum of 20 to a maximum of 93. Figure 6.13b 

illustrates the spatial distribution of the LWD modulus on top of the base layer. The LWD 

deflections varied from 7 mils to 44 mils with an average of 17 mils. A clear correlation was not 

found between the two maps. This could be the result of the difference in size of the maps due to 

the absence of CMV data in some blocks.  The LWD map was recreated in Figure 6.14 

disregarding the information from the left row to reproduce a color-coded map that resembles more 

the CMV map. Figure 6.15 shows a map with the coefficient of variation found within each 

rectangular buffered areas. The lack of a direct correlation between the LWD and CMV may be 

attributed to the high percentage of variation found in the CMV map. 
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Figure 6.13 – Spatial Variation Comparison between (a) CMV and (b) LWD. 

 

Figure 6.14 – Spatial Variation Comparison between (a) CMV and (b) Recreated LWD. 
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Figure 6.15 – Spatial Variation of Coefficient of Variation of CMVs within each Buffered Area 

A comparison between the LWD modulus and the CMV data at different stations is 

illustrated in Figure 6.16. A visual correlation cannot be easily observed in this figure given the 

uncertainty due to high COVs.  

 

Figure 6.16 – Relationship between Averaged LWD Surface Deflection and vs. Average CMV 

per Station. 
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Figure 6.17 illustrates the spatial distribution of the moisture content of the base layer. The 

percentage of moisture content varied from 2% to 5% with an average of 4% and a COV of 14%.  

 

Figure 6.17 – Spatial Distribution of Moisture Content of FB Layer. 
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the DCP results found in the subgrade layer (shown in Table 6.2). But there still a high percentage 

of mis-estimated areas due to the high CMVs found in Line A. 

Table 6.1 – Percentage of Mis-Estimated CMV Less-Stiff when Compared to Less-Stiff Areas as 

Predicted by the LWD Surface Deflection in LTS layer. 

< % Average 

CMV 

> % of Average LWD Surface Deflection, dLWD 

110 115 120 125 130 135 140 

90 72 72 83 89 89 100 100 

85 71 71 82 88 88 100 100 

80 71 71 82 88 88 100 100 

75 67 67 80 87 87 100 100 

70 67 67 78 89 89 100 100 

65 71 71 86 86 86 100 100 

60 67 67 83 83 83 100 100 

 

Table 6.2 – Percentage of Mis-Estimated CMV Less-Stiff when Compared to Less-Stiff Areas as 

Predicted by the DCP in Subgrade.  

< % Average 

CMV 

< % of Average Number of DCP Blows 

90 85 80 75 70 65 60 

90 52 52 56 72 76 76 76 

85 52 52 56 72 76 76 76 

80 52 52 56 72 76 76 76 

75 52 52 56 72 76 76 76 

70 52 52 56 72 76 76 76 

65 52 52 56 72 76 76 76 

60 52 52 56 72 76 76 76 
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Chapter 7: Evaluation of IC Data in Victoria, US-77 Highway 

7.1 INTRODUCTION 

A section of north-bound frontage road of US-77 in Victoria, Texas was used for field 

evaluation. Figure 7.1 shows an aerial view of the of the test section alongside a map with the 

location of the test section within the Victoria area. A layer consisting of cement-treated base 

(CTB) covered with a tack coat was evaluated. The UTEP research team’s field testing took place 

on February 1, 2017.  

 

Figure 7.1 - Location of Field Evaluation Site on US-77 in Victoria, TX. 
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7.2 FIELD TESTING PROGRAM 

A 500-ft long by 21-ft wide section was considered in this study. The location of the spot 

tests was selected over a grid consisting of 44 points divided in four columns of 11 points. The 

grid was designed with a spacing of 50 ft longitudinally, and a spacing of 7 ft laterally as shown 

in Figure 7.2.  LWD testing was performed on all 44 points on the grid.  FWD testing was 

performed every 25 ft. 

  

Figure 7.2 Schematic of Test Section  
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The layer was mapped using a padfoot HAMM roller equipped with an IC retrofit kit. The 

histogram of the mapped CMVs is summarized in Figure 7.3. The average CMV value was 86 

with a COV of 35%. 

 

 

Figure 7.3 - Distribution of CMV Collected by IC Roller during Proof-Rolling of CTB Layer. 

Based on the spacing between the locations of the LWD spots, blocks were created around 

each LWD spot location. IC data points found within these blocks were averaged to obtain one IC 

measurement to represent that block. Using the IC data results and the LWD moduli color-coded 

maps were created using three different colors.  

The spatial distribution of averaged CMVs is shown in Figure 7.4a. The values found in 

the averaged CMV blocks ranged from a minimum of 56 to a maximum of 130. Figure 7.4b 

illustrates the spatial distribution of the LWD modulus on top of the layer. The LWD varied from 

19 ksi to 65 ksi with an average of 42 ksi.  

A comparison between the CMV data and the LWD modulus at different stations is 

illustrated in Figure 7.5. Some similarity in the trend may be observed throughout the test section 

with the exception of the beginning and the end parts of the section. This exception was attributed 

to stop and go operation of the roller toward the beginning and end of the section.  The distribution 

of COVs of the roller CMVs within each of the blocks is shown in Figure 7.6.  
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Figure 7.4 – Spatial Variation Comparison between a) CMV and b) LWD. 

 

Figure 7.5 – Relationship between Averaged LWD Modulus vs CMV. 
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Figure 7.6 – Spatial Variation of Coefficient of Variation of CMV within each Buffered Area. 

FWD mapping can be seen in Figure 7.7b. Surface Modulus of FWD testing (ELWD) was 

calculated using the Boussinesq solution (Terzaghi and Peck 1967): 

𝐸𝐿𝑊𝐷 =
(1−𝑣2)𝑎𝜎0

𝑑𝐿𝑊𝐷
× 𝑓          (7.1) 

Where 𝑣 is Poisson’s ratio, 𝜎0 is the uniformly distributed applied stress, 𝑎 is the radius of the load 

plate, 𝑑𝐿𝑊𝐷 is the soil surface deflection measured below the applied load, and shape factor is 

assumed to be 𝑓 = 𝜋/2. FWD surface modulus varied from 36 ksi to 77 ksi.  LWD surface modulus 

do not reflect a clear correlation with the FWD data. One of the possible reasons for the lack of 

correlation could be that both tests were performed a few days apart from one another.  
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Figure 7.7 – Spatial Variation Comparison between a) LWD and b) FWD. 
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Chapter 8: Analyses and Interpretation of Results 

8.1 INTRODUCTION 

The proper identification of less-stiff areas by means of IC is critical for performing 

evaluation of compaction by means of modulus-based measurements. This chapter summarizes 

the key findings from the field evaluation of the sites previously listed. The objectives of the 

evaluation were to investigate relationships among ICMV and various in-situ modulus-based spot 

test measurements, to identify key factors that affect the relationships, and to evaluate different 

approaches to improve the relationships for identifying less-stiff areas.  The different field 

evaluations will be designated by the following names in this chapter: 

Site 1 - Fort Worth, IH 35W 

Site 2 - Georgetown, FM1460 

Site 3 - Irving, SH 183 

Site 4 - Victoria, US-77 

Compacted geomaterials may exhibit spatial variability in their mechanical properties that 

can be attributed to heterogeneous conditions of underlying layers, moisture content variation and 

even to limited number of measurements. To evaluate whether a relationship existed between the 

modulus-based measurements and ICMVs, the grid with 44 spot test points was used. Rectangular 

buffered areas were superimposed over the spot tests for delimiting the areas with dimensions 

suitable for rework. 

Figure 8.1 shows the relationship between the LWD deflection and the average CMV from 

the subgrade materials at the four sites. A trend is evident for Sites 1 and 2, indicating CMV 

increases as LWD deflection decreases (i.e. as subgrade becomes stiffer). The same conclusion 



 

 76 

cannot be inferred from the values shown for the third site because a single roller pass (Line A) 

exhibited variability with COVs greater than a 100%.   

Figure 8.1d, which compiles the data from all sites, reveals that higher CMVs occur when 

lower LWD deflections are recorded (i.e., material become stiffer). An exponential relationship 

yielded a reasonable coefficient of determination (R2 value) but with significant scatter. 

 

Figure 8.1 – Relationship between CMV and Deflections Measured from LWD Mass Drops in 

Lime-Treated Subgrade Materials  

Figure 8.2 shows the relationship between the LWD deflections and the average CMVs for 

the flexible base layers at Sites 1 through 3 (Figures 8.2a through 8.2c), and a cement-treated base 

at Site 4 (Figure 8.2d). An appreciable correlation cannot be observed for any of the sites perhaps 

due to the high variability of the properties of the layers compacted. When measurements from all 

sites are compared in Figure 8.2e, the IC measurements for CTB were similar to those obtained 
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for the flexible base at Site 1. The LWD deflections measured at Site 4 are small but similar to 

those measured at Site 2, indicating that the subgrade at Site 4 is perhaps too soft (even though it 

passed the density tests).  This suggests that the IC roller proof-mapping of bases is impacted by 

subgrade and as such it is prudent to conduct a pre-mapping before mapping the base.   

 

Figure 8.2 – Relationship between CMV and Deflections Measured from LWD Mass Drops in 

Flexible Base Materials.  
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Figure 8.3 shows the relationship observed between the number of DCP blows to penetrate 

the subgrade to a certain depth (24 in. for Sites 1 and 2, 18 in. for Site 3, no DCP tests carried out 

at Site 4) and the rectangular buffered areas averaged CMV values for each of the areas in the test 

sections. Like the relationships observer with LWD deflections in subgrade for Sites 1 and 2, a 

trend is seen relating both measurements when the COVs of CMVs are reasonable. Site 3 revealed 

no correlation, mostly due to the high variability observed along the roller pass corresponding to 

Line A.  Data from all sites are compiled in Figure 8.3d, where the dynamic cone penetration index 

(DCPI) was compared to CMV. The DCP penetrates deeper per blow in areas where lower CMVs 

are recorded.  

  

Figure 8.3 – Relationship between CMV and Number of DCP Blows to Penetrate the Indicated 

Depth in Lime Treated Subgrades. 
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DCP tests were also performed at the base layers of Sites 1 and 2. Unlike the subgrade, no 

relationship was observed for between the DCP and CMVs (see Figure 8.4), again indicating the 

importance of pre-mapping. 

 

Figure 8.4 – Relationship between CMV and Dynamic Cone Penetration Index (DCPI) in 

Flexible Base Materials. 
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20 mils), the intelligent compaction is not very effective.  On the other hand, for very stiff materials 

such as CTB, the deflections are too small to be measured effectively with LWD. 

 

Figure 8.5 – Relationship between CMV and LWD Mass Drop Deflection per Station in Lime 

Treated Subgrade Materials. 
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Figure 8.6 – Relationship between CMV and No. of DCP Blows per Station in Lime Treated 

Subgrade Materials. 

Figure 8.7 – Relationship between CMV and LWD Deflection and and DCPI per Station in All 

Layers of Evaluated Sites.  
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8.2 OPTIMIZATION PROCESS FOR IDENTIFYING LESS STIFF AREAS USING IC 

In an effort to reduce the number of spot tests, it is necessary to link them to the collected 

ICMV data. The IC vibration data is collected at a discrete point on the roller. The current IC data 

analysis programs incorporate various interpolation techniques to extrapolate the ICMV data 

points over the width of the roller to generate the color-coded maps. The use of these methods 

enhances the visualization of the data by smoothing the color-coded contours and by filling gaps 

of information. However, the use of these tools can affect the visual representation of the ICMV 

data, as outliers can be cropped resulting in arrays with reduced ranges of ICMVs.  Kriging, for 

instance, does not pass through any of the point values and causes interpolated values to be higher 

or lower than the real values. The spline interpolation does not work well when sample points have 

extreme differences in magnitude and are close to one another.  To overcome these problems, a 

different approach for developing color-coded maps was followed. This approach consisted of 

allocating ICMVs into cells of rectangular shape, forming a grid comprised of multiple cells with 

equidistant dimensions that are aligned over the roller passes. Different color-criteria were 

implemented to look for better correlations between the color-coded maps. 

Figure 8.8 provides the result of the process implemented in the lime-treated subgrade 

(LTS) of Site 1.  Less-stiff areas are identified as those areas with measurements below 75% the 

average measurements (being CMV or number of DCP blows). For the case of LWD deflection, 

since larger deflections occur in less-stiff areas, the criterion was reversed, i.e. less-stiff areas are 

identified when LWD deflections were greater than 125% of the mean LWD deflections.  The IC 

roller map shows a total of nine cells with CMVs below 75% of the mean CMV (marked in red). 

Seven of these nine areas identified by the roller were marked as less-stiff on the LWD color-

coded map. The rectangular areas enclosed by a blue border indicate the areas identified as less-



 

 83 

stiff in the CMV map but not in the LWD deflection map.  This indicates that 22% of less-stiff 

areas spotted in the CMV map were not in agreement with the less-stiff areas found in the LWD 

map. The percentage of mis-estimated areas increased to 56% when CMVs are compared to the 

number of DCP blows to penetrate 24 in. into the subgrade. 

 

Figure 8.8 – Color-Coded Map Comparison between (a) CMV, (b) LWD Deflection and (c) 

Number of DCP Blows to Penetrate 24 in. at Site 1 Subgrade. 

To reduce the percentage of mis-estimated areas, a systematic search for a different 

coloring criterion for identifying less-stiff areas was carried out. The color-coded criterion 

optimization approach consisted of varying the class-break for identifying the less-stiff areas for 

both the CMV and the spot test measurements. This criterion varied within a range defined from 

60% to 90% of the average measured values, for the ICMV data and the NDT spot test values. In 
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the case of the LWD deflection, as the stiffness trend is reversed, i.e. larger deflections occur in 

less-stiff materials, less-stiff areas as those that exceeded a percentage of the average LWD 

deflection. For LWD deflections, a range between 110% up to 140% of the average deflection for 

setting the less-stiff class-break was used.  

Table 8.1 shows the percentage of mis-estimated areas by the IC roller in the subgrade for 

Site 1 when color-coded maps are generated and compared to LWD deflection color-coded maps 

with a different class-break criterion for identifying the less-stiff areas. For that site, the IC roller 

was able to predict all less-stiff areas identified by LWD as less-stiff (shaded cells in Table 8.2), 

when a class-break criterion for identifying less-stiff areas was set at 70% of the average CMV (or 

lower) and when set at 120% of the average LWD deflection (or lower). 

Table 8.1 – Percentage of Misestimated Roller Measurements (Rectangular Buffered Areas 

CMVs) with Respect to LWD Deflection-Based Measurements Based on Different Percentages 

of Average Measurements for Identification of Less-Stiff (Red) Areas 

Percentage of IC Roller 

Misestimated Areas 

Less-Stiff (Red) Area Above % of Average LWD Deflection 

110 115 120 125 130 135 140 
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90 41 41 41 47 47 53 65 

85 38 38 38 46 46 54 62 

80 27 27 27 36 36 45 55 

75 11 11 11 22 22 33 44 

70 0 0 0 14 14 29 43 

65 0 0 0 17 17 17 33 

60 0 0 0 33 33 33 33 

 

This process was also implemented for the DCP readings. Table 8.3 shows the percentage 

of mis-estimated areas by the IC roller in subgrade for Site 1 when color-coded maps are generated 

and compared to the number of DCP blows to a depth of 24 in. The shaded area indicating the best 

combinations of class-break criteria for identifying less-stiff areas as concluded from Table 8.1 is 

superimposed in Table 8.2. Though the comparison of the roller’s CMVs to the DCP 
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measurements indicate a larger number of mis-estimated areas by the roller; the optimization 

process was able to identify the combinations of class-breaks best suited for identifying less-stiff 

areas for the subgrade in Site 1.  The criterion for less-stiff area class break for CMV was lowered 

to 60% of the mean.  For LWD, the less-stiff areas were those with deflections greater than 120% 

of the average LWD displacement, while for the DCP the class break was set at 80% of the average 

number of DCP blows for the entire section, as shown in Table 8.3. 

Table 8.2 – Percentage of Mis-estimated Roller Measurements (Rectangular Buffered Areas 

CMVs) with respect to DCP Measurements Based on Different Percentages of Average 

Measurements for Identification of Less-Stiff (Red) Areas. 

Percentage of IC Roller 

Misestimated Areas 

Less-Stiff (Red) Area Below % of Average No. of DCP Blows (0-24 in.) 
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90 47 53 59 65 76 82 88 

85 46 54 62 69 69 77 85 

80 36 45 55 64 64 73 82 

75 22 33 44 56 56 67 78 

70 29 43 57 71 71 86 86 

65 33 50 67 83 83 83 83 

60 0 33 67 100 100 100 100 

Table 8.3 – Optimized Class-Break Criterion for Color-Coded Maps. 

Color Criterion for CMV 
Criterion for LWD 

Deflection 

Criterion for No. of 

DCP Blows 

Red < 60% Mean > 120% Mean < 80% Mean 

Yellow 60% Mean – Mean Mean – 120% Mean 80% Mean – Mean 

Green > Mean < Mean > Mean 

 

Figure 8.9 shows the new numbers of areas identified as less-stiff, in red color, as estimated 

by the IC roller, and the LWD and DCP spot test measurements. Lowering the less-stiff criterion 

for the roller’s CMVs reduced the number of areas identified as less-stiff to three, while increasing 

the number of areas considered as marginally stiff, in yellow.  This process allowed the 

identification of the areas with the lowest CMV values, which correlated well with those areas that 
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were identified as less-stiff by the LWD. However, the percentage of mis-estimated areas did not 

decrease when compared to DCP measurements with the new criteria. 

 

Figure 8.9 – Optimized Color-Coded Map Comparison between (a) CMV, (b) LWD Mass Drop 

Deflection and (c) Number of DCP Blows to Penetrate 24 in. as Obtained in Lime-Treated 

Subgrade at Site 1. 
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65% of the average CMV and when set at 120% of the average LWD deflection.    
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Table 8.4 – Percentage of Misestimated Roller Measurements (Rectangular Buffered Areas 

CMVs) with Respect to LWD Deflection-Based Measurements Based on Different Percentages 

of Average Measurements for Identification of Less-Stiff (Red) Areas. 

Percentage of IC Roller 

Misestimated Areas 

Less-Stiff (Red) Area Above % of Average LWD Deflection 

110 115 120 125 130 135 140 
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90 62 62 71 71 76 86 90 

85 62 62 71 71 76 86 90 

80 58 58 68 68 74 84 89 

75 58 58 68 68 74 84 89 

70 50 50 64 64 71 79 86 

65 25 25 25 25 50 50 50 

60 25 25 25 25 50 50 50 

 

The implementation of the optimization process on the lime-treated subgrade (LTS) layer 

of Site 3 shown in Table 8.5 did not show a significant improvement on the percentage of mis-

estimated less-stiff areas using any of the color-criterion combinations. This could be attributed to 

the highly variable nature of the data which does not allow for a clear comparison between the 

LWD and CMV results.   

Table 8.5 – Percentage of Misestimated Roller Measurements (Rectangular Buffered Areas 

CMVs) with Respect to LWD Deflection-Based Measurements Based on Different Percentages 

of Average Measurements for Identification of Less-Stiff (Red) Areas. 

Percentage of IC Roller 

Misestimated Areas 

Less-Stiff (Red) Area Above % of Average LWD Deflection 

110 115 120 125 130 135 140 
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90 72 72 83 89 89 100 100 

85 71 71 82 88 88 100 100 

80 71 71 82 88 88 100 100 

75 67 67 80 87 87 100 100 

70 67 67 78 89 89 100 100 

65 71 71 86 86 86 100 100 

60 67 67 83 83 83 100 100 

 

More tables generated for Sites 1 through 3 for flexible base layers with the percentage of 

mis-estimated roller measurements with respect LWD and DCP measurements are provided in 
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Appendix C. Table 8.6 summarizes the percentage of mis-estimated areas in the CMV map for all 

sites after implementation of the optimized class-break criteria shown in Table 8.1. The use of an 

optimized class-break allowed a better estimation of the less-stiff areas using the IC data, in some 

cases predicting all low-stiff areas. However, in some sites and layers the optimized class-break 

still yielded an estimation of less-stiff areas with high uncertainty, particularly in sections where 

proof-mapping yielded IC measurements with high variability. This problem occurred mostly with 

flexible bases. For better assessment of the variability of the measurements, maps can be generated 

with the coefficient of variation of the collected measurements. Test sections with high coefficient 

of variation indicate that uniformity was not achieved and may be subject to rework. The 

identification of less-stiff areas was also difficult to assess in sections with IC data measurements 

that had very low variability, since there is the possibility that no areas will be marked in red. For 

most subgrade layers with low coefficients of variation the color-coded maps seemed to predict 

most of the low-stiff areas when the class-criteria were set at 70% of the average CMV (or lower) 

and at 120% of the average LWD deflection (or lower). Further studies in more pavement layers 

with could help to determine a more exact color-criteria for identifying less-stiff areas on test 

sections. 

Table 8.6 – Summary of Percentage of Mis-estimated Areas by IC Roller Optimized Class-Break 

Criterion for Color-Coded Maps 

Site Layer 

Percentage of IC Roller Misestimated Less-

Stiff Areas As Compared to Spot Test  

LWD DCP 

1 
Subgrade 0 67 

Base * * 

2 
Subgrade 25 0 

Base 75 0 

3 
Subgrade 76 56 

Base 83 † 

 * No relationship could be established. 

 † No DCP testing performed.  
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Chapter 9: Summary of Conclusions 

Intelligent compaction is a promising technology that can be used to assess the stiffness 

and uniformity of compacted geomaterials in conjunction with NDT spot test measurements. 

Though one-to-one correlation between the IC data with NDT modulus-based measurements may 

not yield strong relationships, visual relationships seem to exist between the modulus-based 

measurements and the ICMV maps.  

This thesis documented a summary of the results obtained from field tests performed at 

four sites. The collected information and its analysis were used for assessing the weaknesses, 

bottlenecks and shortcomings of the process for implementing deflection-based field tests for 

project acceptance.  

The relationships between in-situ deflection-based NDT measurements and roller-based 

ICMVs were explored using multiple analyses. The following key factors affect these 

relationships: 

• A relationship can be seen between the LWD deflections and CMVs when the 

results are averaged within a buffer area as long as the variability of the CMV 

measurements within a buffer is small. This was also observed when DCP 

measurements were compared to the average CMVs. 

• Higher variability of the roller ICMV measurements occur before the roller reaches 

its operating frequency and speed.  

• The use of the padfoot rollers seem to increase the variability of ICMV 

measurements when compared to smooth drum rollers. 
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• Visual correlations between ICMV and deflection-based measurements can be 

established using rectangular buffer areas and an established color-criteria.  

• An optimization approach to improve the color-criteria was proposed to establish 

better relationships for identifying less-stiff areas. 

• Mis-estimated areas can be attributed to areas with high variability in roller’s CMV 

measurements. To identify areas with high variability, a mapping of the coefficient 

of variation of the roller measurements can be used for further assessment of the 

identified less-stiff areas.  
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Appendix A 

 

This appendix provides tables generated for all evaluated sites and geomaterials with the 

percentage of mis-estimated roller measurements with respect LWD and DCP measurements.  Test 

sections are identified in Table A.1.   

Table A.1 – Field Test Sites. 

Site Location Length Section 

1 I-35W Northbound Frontage 

Road in Fort Worth, TX 

500 ft 36 in. lime-treated subgrade (LTS) on top of 

subgrade. 

12 in. flexible base (FB) on top of lime-treated 

subgrade (LTS). 

2 FM 1460 in Georgetown, TX 250 ft 8 in. of lime-treated subgrade (LTS) on top of 

subgrade. 

12 in. flexible base (FB) on top of lime-treated 

subgrade (LTS). 

3 SH 183 in Irving, TX 250 ft 12 in. lime-treated subgrade (LTS) on top of 

subgrade. 

8 in. flexible base (FB) on top of lime-treated 

subgrade (LTS). 
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A.1 EVALUATION OF IC ROLLER PREDICTION OF LESS-STIFF AREAS ON SUBGRADE 

MATERIAL  

Tables A.2 through A.4 show the percentage of IC roller mis-estimated less-stiff areas in 

subgrade for Sites 1 through 3 with respect LWD and DCP measurements. 

Table A.2 – Percentage of Mis-Estimated CMV Less-Stiff when Compared to Less-Stiff Areas 

as Predicted by the LWD Surface Modulus in Subgrade 

Site 
< % Average 

CMV 

< % of Average LWD Modulus ELWD 

90 85 80 75 70 65 60 

1 

90 24 29 29 47 47 53 65 

85 23 31 31 46 46 54 62 

80 18 18 18 36 36 45 55 

75 11 11 11 22 22 33 44 

70 0 0 0 14 14 29 43 

65 0 0 0 17 17 17 33 

60 0 0 0 33 33 33 33 
 

2 

90 23 59 59 59 82 82 82 

85 23 59 59 59 82 82 82 

80 21 58 58 58 79 79 79 

75 21 58 58 58 79 79 79 

70 21 50 50 50 71 71 71 

65 0 25 25 25 50 50 50 

60 0 25 25 25 50 50 50 
 

3 

90 72 72 76 80 80 80 80 

85 72 72 76 80 80 80 80 

80 72 72 76 80 80 80 80 

75 72 72 76 80 80 80 80 

70 72 72 76 80 80 80 80 

65 72 72 76 80 80 80 80 

60 72 72 76 80 80 80 80 
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Table A.3 – Percentage of Mis-Estimated CMV Less-Stiff when Compared to Less-Stiff Areas 

as Predicted by the LWD Surface Deflection in Subgrade 

Site 
< % Average 

CMV 

> % of Average LWD Surface Deflection, dLWD 

110 115 120 125 130 135 140 

1 

90 41 41 41 47 47 53 65 

85 38 38 38 46 46 54 62 

80 27 27 27 36 36 45 55 

75 11 11 11 22 22 33 44 

70 0 0 0 14 14 29 43 

65 0 0 0 17 17 17 33 

60 0 0 0 33 33 33 33 
 

2 

90 62 62 71 71 76 86 90 

85 62 62 71 71 76 86 90 

80 58 58 68 68 74 84 89 

75 58 58 68 68 74 84 89 

70 50 50 64 64 71 79 86 

65 25 25 25 25 50 50 50 

60 25 25 25 25 50 50 50 
 

3 

90 44 56 76 76 80 80 80 

85 44 56 76 76 80 80 80 

80 44 56 76 76 80 80 80 

75 44 56 76 76 80 80 80 

70 44 56 76 76 80 80 80 

65 44 56 76 76 80 80 80 

60 44 56 76 76 80 80 80 
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Table A.4 – Percentage of Mis-Estimated CMV Less-Stiff when Compared to Less-Stiff Areas 

as Predicted by the DCP in Subgrade 

Site 
< % Average 

CMV 

< % of Average Number of DCP Blows 

90 85 80 75 70 65 60 

1 

90 47 53 59 65 76 82 88 

85 46 54 62 69 69 77 85 

80 36 45 55 64 64 73 82 

75 22 33 44 56 56 67 78 

70 29 43 57 71 71 86 86 

65 33 50 67 83 83 83 83 

60 0 33 67 100 100 100 100 
 

2 

90 10 14 29 43 71 90 95 

85 10 14 29 43 71 90 95 

80 11 16 26 42 68 89 95 

75 11 16 26 42 68 89 95 

70 7 14 29 43 57 86 93 

65 0 0 0 0 0 50 75 

60 0 0 0 0 0 50 75 
 

3 

90 52 52 56 72 76 76 76 

85 52 52 56 72 76 76 76 

80 52 52 56 72 76 76 76 

75 52 52 56 72 76 76 76 

70 52 52 56 72 76 76 76 

65 52 52 56 72 76 76 76 

60 52 52 56 72 76 76 76 
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A.2 EVALUATION OF IC ROLLER PREDICTION OF LESS-STIFF AREAS ON FLEXIBLE BASE 

MATERIAL 

Tables C.2 through C.4 show the percentage of IC roller mis-estimated less-stiff areas in 

flexible base for Sites 1 through 3 with respect LWD and DCP measurements. Cells with not a 

number (NaN) indicate that no less-stiff CMV areas were identified by the IC roller for that 

particular class-break. 

Table A.5 – Percentage of Mis-Estimated CMV Less-Stiff when Compared to Less-Stiff Areas 

as Predicted by the LWD Surface Modulus in Flexible Base 

Site 
< % Average 

CMV 

< % of Average LWD Modulus ELWD 

90 85 80 75 70 65 60 

1 

90 71 71 71 86 86 86 86 

85 100 100 100 100 100 100 100 

80 NaN NaN NaN NaN NaN NaN NaN 

75 NaN NaN NaN NaN NaN NaN NaN 

70 NaN NaN NaN NaN NaN NaN NaN 

65 NaN NaN NaN NaN NaN NaN NaN 

60 NaN NaN NaN NaN NaN NaN NaN 
 

2 

90 64 82 100 100 100 100 100 

85 60 80 100 100 100 100 100 

80 50 75 100 100 100 100 100 

75 50 83 100 100 100 100 100 

70 50 83 100 100 100 100 100 

65 75 75 100 100 100 100 100 

60 75 75 100 100 100 100 100 
 

3 

90 50 50 56 61 67 72 72 

85 53 53 59 65 71 71 71 

80 53 53 59 65 71 71 71 

75 53 53 53 60 67 67 67 

70 56 56 56 67 67 67 67 

65 57 57 57 71 71 71 71 

60 67 67 67 83 83 83 83 
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Table A.6 – Percentage of Mis-Estimated CMV Less-Stiff when Compared to Less-Stiff Areas 

as Predicted by the LWD Surface Deflection in Flexible Base 

Site 
< % Average 

CMV 

> % of Average LWD Surface Deflection, dLWD 

110 115 120 125 130 135 140 

1 

90 71 71 71 71 71 71 71 

85 50 50 50 50 50 50 50 

80 NaN NaN NaN NaN NaN NaN NaN 

75 NaN NaN NaN NaN NaN NaN NaN 

70 NaN NaN NaN NaN NaN NaN NaN 

65 NaN NaN NaN NaN NaN NaN NaN 

60 NaN NaN NaN NaN NaN NaN NaN 
 

2 

90 82 82 82 100 100 100 100 

85 80 80 80 100 100 100 100 

80 75 75 75 100 100 100 100 

75 83 83 83 100 100 100 100 

70 83 83 83 100 100 100 100 

65 75 75 75 100 100 100 100 

60 75 75 75 100 100 100 100 
 

3 

90 72 72 83 89 89 100 100 

85 71 71 82 88 88 100 100 

80 71 71 82 88 88 100 100 

75 67 67 80 87 87 100 100 

70 67 67 78 89 89 100 100 

65 71 71 86 86 86 100 100 

60 67 67 83 83 83 100 100 
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Table A.7 – Percentage of Mis-Estimated CMV Less-Stiff when Compared to Less-Stiff Areas 

as Predicted by the DCP in Flexible Base 

Site 
< % Average 

CMV 

< % of Average Number of DCP Blows 

90 85 80 75 70 65 60 

1 

90 57 57 71 86 86 86 86 

85 100 100 100 100 100 100 100 

80 NaN NaN NaN NaN NaN NaN NaN 

75 NaN NaN NaN NaN NaN NaN NaN 

70 NaN NaN NaN NaN NaN NaN NaN 

65 NaN NaN NaN NaN NaN NaN NaN 

60 NaN NaN NaN NaN NaN NaN NaN 
 

2 

90 50 67 83 100 100 100 100 

85 50 67 83 100 100 100 100 

80 25 50 75 100 100 100 100 

75 0 33 67 100 100 100 100 

70 0 33 67 100 100 100 100 

65 0 0 0 100 100 100 100 

60 0 0 0 100 100 100 100 
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