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ABSTRACT 

 

The main goals of this project were to evaluate and validate intelligent compaction (IC) retrofit 

(after market) kits for use in the field compaction of asphalt pavements, bases, and subgrade 

materials. This project was a part of the second phase of Every Day Counts (EDC2) program by 

the Federal Highway Administration (FHWA) to nationally deploy the use of IC technology to 

improve compaction quality and managing compaction data. Under this study, the intelligent 

compaction measurement values (ICMV) obtained from the mounted IC retrofit kits were 

compared with the Original Equipment Manufacturer (OEM) IC rollers and other spot test 

methods. In addition, a verification process was developed to ensure that the retrofit kit was 

mounted properly to capture the drum rebound. Two equipment rodeos, one in California for 

asphalt materials and another one in Texas for soils materials, were conducted for side-by-side 

comparison of IC-retrofitted rollers to the OEM IC rollers. Finally, the data collected at the two 

rodeos were utilized to evaluate the performance of each participating IC equipment regarding 

measurement reliability on asphalt pavement, base, and subgrade materials.  In general, the 

performance of the IC retrofit kit utilized in this study seemed reliable as long as the hardware and 

software were installed properly. The calibration/validation of the vibration sensor and the global 

positioning system (GPS) of the retrofit kit is crucial to obtain dependable and reliable IC data.
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EXECUTIVE SUMMARY  

 

The intelligent compaction (IC) retrofit kits have been recently introduced as an economic 

alternative to the original equipment manufacturer (OEM) IC systems. Although IC retrofit kits 

have been employed in many projects nationwide, their performance and reliability on asphalt, 

soils and base materials has not been evaluated in a comprehensive manner. The Federal Highway 

Administration (FHWA), as a part of the second Every Day Counts (EDC2) initiative, funded this 

research study through the Texas Department of Transportation (TxDOT) to evaluate the 

performance of intelligent compaction (IC) roller retrofit kits. A data acquisition system was 

developed to validate the vibration data collection process parallel to the IC retrofit kit and the 

OEM IC systems. As one of the main parts of this study, two equipment rodeos were conducted 

for field evaluations. One of these equipment rodeos was dedicated to asphalt materials which was 

performed along a construction site near Sacramento, California. The second equipment rodeo was 

dedicated to study the soil layers on a test section near Cleburne, Texas. Three IC roller vendors 

including Caterpillar (CAT), Wirtgen Group-Hamm (HAMM), and Sakai America (SAKAI), 

participated in both rodeos. The IC systems on the CAT rollers are similar to the Trimble 

aftermarket IC (retrofit) kits for single- and double-drum rollers. The IC systems on the SAKAI 

rollers are provided by SAKAI and TOPCON. The TOPCON also recently launched an IC retrofit 

kit. TOPCON retrofit kit was not evaluated in this study because it was not available during our 

field studies. HAMM utilizes its OEM IC system known as HAMM Compaction Quality (HCQ). 

Both the Trimble retrofit and CAT OEM systems produce Compacter Meter Values (CMV). The 

HAMM OEM produces HAMM  Measurement Value (HMV), while the SAKAI OEM produces 

Compaction Control Value (CCV). These accelerometer-based measurement values, which are 

collectively called Intelligent Compaction Measurement Values (ICMVs), are generally related to 

the stiffness of the existing compacted materials with influence from underlying layers. This report 

along with the appendices present the findings from the evaluation of the IC roller retrofit kits. The 

findings of this study are briefly summarized as follows. 

Equipment Rodeo on Hot Mix Asphalt 

¶ The cumulative distributions of CMVs collected with the two retrofit systems installed on 

the HAMM and SAKAI rollers during the pre-mapping of the existing base layer were 

similar. However, the CAT roller showed a different trend for the cumulative distribution 

of the collected CMVs. 

¶ The distributions of the ICMVs from the OEM system and retrofit kit on the HAMM roller, 

HMV and CMV respectively, were similar during the pre-mapping. The IC data from the 

SAKAI OEM system were not available for comparison purposes. 

¶ The two retrofit systems mounted on the HAMM and SAKAI rollers showed different 

trends in terms of the CMV values during the mapping of the HMA layers. This could be 

due to the different coverage area and change of HMA stiffness between the breakdown 

and intermediate compaction during the HMA rodeo. 

Equipment Rodeo on Geomaterials 

¶ The CMVs during the pre-mapping of the existing embankment layer with the retrofit kit 

mounted on the HAMM roller and the OEM system on the CAT roller were similar. The 

CMVs collected from the retrofit kit mounted on the SAKAI roller were different than 

those reported by the HAMM retrofit and CAT OEM systems.  
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¶ The ICMV data from the retrofit kit and OEM system during the pre-mapping with the 

HAMM roller, CMV and HMV respectively, show similar trends with some differences 

that could be due to the data processing algorithms used by each of the two systems.  

¶ The spatial distributions of the CMVs from the retrofit system on the HAMM roller and 

the OEM system on the CAT roller during mapping are similar as they identified similar 

less stiff areas. 

¶ Even though the mapping of the compacted subgrade layer with the smooth drum CAT 

roller was performed about 18 hours after the compaction process using a CAT roller with 

a padfoot shell kit, the spatial distribution trends of the CMVs from the two operations 

were similar. However, the spatial distribution of the CMV from the smooth drum roller 

was clearer, than those from the padfoot roller and the amplitudes of CMVs from the 

smooth drum roller were greater than those from the padfoot roller.  

The following points summarize comments regarding validation of the ICMV using a UTEP 

Vibration Data Acquisition (DAQ) System:  

¶ The proper positioning of the accelerometers is crucial in capturing the proper vibration 

energy. 

¶ Identifying the vibration frequencies and their multiple harmonics properly is essential in 

calculating the appropriate ICMVs. 

¶ The vibration responses of the two accelerometers installed by the research team on the 

opposite sides of the drums were similar with typically less than 4% difference. 

¶ The calculated cumulative distributions of the CMVs from the retrofit kit and DAQ system 

were similar with minor differences when the retrofit kit was installed properly. 

¶ The influence depth of roller vibration underneath the drum depends on the layer stiffness 

as well as the vibration settings. Based on the field data in this study, the influence depth 

could be as shallow as 20 in. for a very stiff granular layer over bedrock and deeper than 5 

ft for a less stiff clayey materials.  

Spot Tests: 

Correlations between the spot test values (including density and stiffness) and ICMVs were not 

significant which may be due to differences in test foot prints and influence depths.   

In general, the performance of the IC retrofit kit utilized in this study seemed reliable as long as 

the hardware and software were installed properly. The calibration/validation of the vibration 

sensor and global positioning system (GPS) of the retrofit kit is crucial to obtain dependable and 

reliable IC data.
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CHAPTER 1. INTRODUCTION  

1.1 INTRODUCTION  

Intelligent Compaction (IC) is an innovative technology for compaction quality control and 

acceptance of base, soil and hot mix asphalt (HMA). Two types of IC rollers are available in the 

market. One is original equipment manufacturer (OEM) IC rollers and the other one is retrofitted 

rollers. The Federal Highway Administration through the TxDOT sponsored a research project 

under the second Every Day Count (EDC2) program entitled ñNational Deployment of Intelligent 

Compaction.ò  The main goal of this project was to conduct a comprehensive evaluation of the 

candidate intelligent compaction (IC) retrofit kits for quality compaction of hot mix asphalt, base, 

and subgrade layers. 

One key component of this project was to conduct two equipment rodeos. The main objectives of 

the equipment rodeos were to: 

- Demonstrate IC retrofit kit installation and operation to targeted departments of 

transportation (DOTs) 

- Recommend the proper installation of the retrofit kits 

- Determine the measurement variability of each specific IC roller as well as retrofitted 

rollers with respect to inherent field and material variations, and 

- Investigate the correlation between selected nondestructive test (NDT) results and IC data 

collected from retrofitted and OEM IC rollers 

A number of roller manufacturers have implemented IC technology in their compaction equipment 

for both HMA and soils. Each of these OEM systems employ different instrumentation to collect 

vibration data and use different methods to estimate the stiffness of the compacted layer. As an 

alternative option to an OEM system, a retrofit system (after-market kit) can be installed on a 

regular roller to collect IC data. The performance of retrofit systems as compared with various 

OEM systems has not been documented to date. The main purpose of this research project was to 

evaluate the IC retrofit kits through equipment rodeos during actual field operations.  

1.2 WORK PLAN OVERVIEW  

Two separate rodeos were planned. The first rodeo was dedicated to HMA and the second to soil 

(subgrade) layers.  The following activities were conducted during each equipment rodeo: 

- Identifying and preparing test strips 

- Setting up the GPS 

- Retrofitting rollers  

- Evaluating kit installation 

- Mapping existing layers 

- Performing spot tests 

- Facilitating an open house 

- Conducting a follow-up/feedback meeting 

Three roller manufacturers participated in the field rodeos and the Trimble retrofit systems was 

employed to perform the data collection process. 
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As a part of this project, a data acquisition system (DAQ) was developed to evaluate and monitor 

the vibration of drums (using two accelerometers mounted on the rollers) as well as the response 

of the ground (using two 3-dimensional geophones buried at two different depths) during the 

compaction process.  

1.3 ORGANIZATION OF REPO RT 

Besides the existing chapter which includes the introduction and structure of the research findings, 

this report contains four additional chapters.  Chapter 1 (this chapter) includes the introduction and 

structure of the research findings, this report contains five additional chapters. 

Chapter 2 includes a brief review of intelligent compaction systems and the retrofit kits as well as 

the definition of different IC measurement values.  

Chapter 3 contains the description of field activities during the two equipment rodeos on HMA 

and soils. This chapter also includes the details of the DAQ system that was developed as a part of 

this research. The data reduction algorithms are further discussed in Appendix C. 

Chapter 4 discusses the results of field tests for different IC rollers as well as the data collected by 

the DAQ system. The results of spot tests are also included in that chapter. The summary of field 

tests and data collection process during the two equipment rodeos are included in Appendices A 

and B.  

Chapter 5 summarizes the major findings of this research, recommendations for the application of 

retrofit kits during IC data collection, and recommendations for future studies. 

Appendix A contains the activities and results during the first rodeo dedicated to HMA materials 

in California. 

Appendix B includes the data collection process and analyses of results regarding the second 

equipment rodeo on soils in Texas. 

Appendix C is dedicated to the detailed process of reducing and analyzing vibration data from 

DAQ validation system. 

Appendix D contains a multimedia presentation showing the step-by-step installation process for 

the retrofit kit. 

Appendix E contains a list of FAQs for the installation and operation of an IC retrofit kit. 
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CHAPTER 2. LITERATURE REVIEW  

2.1 INTRODUCTION  

Intelligent compaction (IC) 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 over/under compaction. The advantages of IC are reported as 

(Anderegg and Koufman, 2004; Hossian et al., 2006; Petersen et al., 2006; White et al., 2006; 

Mooney et al., 2010; Chang et al., 2011; and Gallivan et al., 2011): 

- Improved quality and uniformity of compaction 

- Reduced over/under compaction 

- Identification of less stiff spots, and 

The following section contains a literature survey of the IC retrofit kit, IC measurement values 

(ICMVs) and their definitions.  

2.2 INTELLIGENT COMPACTI ON RETROFIT KIT  

Intelligent compaction is a specific terminology for a wider concept of continuous compaction 

control (CCC) that was initiated by the Swedish Highway Administration in 1974. In 1975, 

Geodynamik continued the development of a roller-mounted compaction meter. Geodynamik and 

Dynapac later introduced the Compaction Meter Value (CMV) to monitor the roller-integrated 

compaction process. A number of roller manufacturers began offering CMV-enabled systems. In 

1982, Bomag introduced the Omega value (which was a measure of compaction energy and time) 

and the Terrameter. With the introduction of mechanistic and performance-related soil properties, 

Bomag launched the Vibration Modulus that was a measure of dynamic soil stiffness. In 1999, 

Ammann introduced the Soil Stiffness Parameter followed by initiation of the Compaction Control 

Value (CCV) by SAKAI in 2004 (Mooney et al, 2010). The IC systems have been under 

continuous development since then. Even though the IC systems were considered original 

equipment manufacturer (OEM) systems, in 2008 Trimble introduced the IC retrofit (after-market) 

kit that can be installed on most regular vibratory rollers to collect IC data. With the advancement 

and improvement of the IC retrofit kit, its application has been growing during the past few years. 

Due to the increasing application of the IC retrofit kit, there was a need to evaluate the performance 

of the kit during the actual compaction process. This study was focused on addressing the need for 

such evaluation. TOPCON recently launched their IC retrofit kit. The TOPCON retrofit kit was 

not evaluated in this study because they become available after the two field studies were 

completed. 

2.3 INTELLIGENT COMPACTION MEASUREME NT VALUES  

Intelligent compaction is a form of roller-integrated continuous compaction control (CCC) that 

was initiated in late 1970s and has been under constant development. The concept of correlating 

stiffness of the compacted layer to the excitation frequency (Geodynamik, 1974) 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. 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): 
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                                          (2.1.1) 

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 2.1.1, 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 2.1.2) could also be identified during the compaction 

process.   

       

 

 

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

stiffness: 

      ὅὅὠρππ                                                   (2.1.2) 

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

through A6 in Equation 2.1.2 represent the acceleration of vibration at 0.5Ý, Ý, 1.5Ý, 2Ý, 2.5Ý 

and 3Ý, respectively. 

Adam and Kopf (2000) introduced another index as the Resonant Meter Value (RMV) for dynamic 

rollers (using a vibration or oscillating mechanism) which is defined as: 

      Ὑὓὠ                                                                             (2.1.3) 

The soil-drum interaction force of a dynamic roller can be simulated from the following equation: 

      Ὂ ά ὥ ά ὶɱÃÏÓɱὸ ά ά Ὣ                                                       (2.1.4) 

where md = mass of the drum, ad = acceleration of the drum that is the second derivative of the 

vertical displacement of the drum, mf = mass of the frame, mu = unbalanced mass, ru = radial 

distance at which the unbalanced mass is attached, Ý = vibration frequency, t =elapsed time and  

g = acceleration of gravity. Thereafter, Kb, the secant stiffness, could be estimated from the ratio 

of Fb and maximum vertical drum displacement.  

Ammann (2003) introduced Ks as an estimate of the soil stiffness using drum and vibration 

parameters as: 

      ὑ ɱ ά
 

                                                                                         (2.1.5) 
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Figure 2.1.2. Forcing frequency and 

vibration harmonics for a stiff layer 
Figure 2.1.1. Forcing frequency and 

vibration harmonics for a less stiff 

layer 
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where m0.e0 = eccentric mass moment, md = drum mass, Ý = excitation frequency, zd = vertical 

drum displacement and ʟ = phase lag between the eccentric force and drum displacement.  

Bomag initiated the Omega value (a measure of compaction energy and time) in the early 1980s 

and later introduced the vibration modulus (Evib) as a measure of dynamic soil stiffness. This 

concept resembles the roller vibration as a cyclic plate load test and estimates the Evib using the 

following equation (Briaud, 2004): 

      Ὁ ρȢυὶ                                                              (2.1.6) 

where r = radius of loading plate (which is the contact width of a roller with the underlying layer), 

ů1max = maximum average normal stress of the first loading cycle, a1 and a2 are calculated from 

plate load test results (using ί „ ὥ„ ὥ„  in which s is the settlement of the center of 

the plate and ů1 is the average nominal stress under the plate). 
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CHAPTER 3. FIELD EVALUATI ONS 

3.1 EQUIPMENT RODEOS 

Two equipment rodeos were conducted for side-by-side comparisons of IC-retrofitted rollers with 

OEM rollers; the first rodeo was dedicated to HMA, while the second rodeo focused on soils.  The 

project for the HMA rodeo was located in El Dorado County, California near El Dorado Hills 

(Figure 3.1.1). A 500 ft long by 25 ft wide test section was used for this rodeo.  All IC rollers were 

used to compact the entire project area during the rodeo (Figure 3.1.2). The project contained a 6.5 

in.-thick HMA layer (which was placed in two 2.5 in thick lifts and one 1.5 in thick surface course 

lift) on top of an 18-in.-thick base layer. The base layer was compacted prior to the rodeo and was 

pre-mapped with IC rollers prior to the HMA paving. The asphalt rodeo was performed during the 

third week of September 2014. The detailed field activity is included in Appendix A.  

 
Figure 3.1.1. Location of HMA rodeo in El Dorado Hills, California 

 

 
Figure 3.1.2. Testing section and test grid for HMA rodeo 
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The project location selected for the soils rodeo was at the junction of US 67-Business and County 

Road 801B near Cleburne, Texas (Figure 3.1.3). This test section was a part of the US 67 widening 

which included soils. The focus of this study was on pre-mapping the existing embankment and 

the compaction of a 12 in. clayey subgrade layer. Similar to the HMA rodeo, a 500 ft long and 25 

ft wide test section was selected on the east bound frontage road to perform the IC data collection 

(Figure 3.1.4). This rodeo took place during the third week of November 2014. A detailed field 

activity is included in Appendix B. 

 
Figure 3.1.3. Location of soils rodeo in Cleburne, Texas 

 
Figure 3.1.4. Testing section and test grid for soils rodeo 
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3.2 INTELLIGENT COMPACTI ON DATA COLL ECTION  

Three IC roller manufacturers, including Caterpillar (CAT), Wirtgen Group-Hamm (HAMM ), and 

Sakai America (SAKAI) , participated in this study. Two types of IC rollers are available in the 

market. The original equipment manufacturer (OEM) IC rollers with factory-installed IC system, 

and retrofitted IC rollers that use after-market (retrofit) IC kits mounted on conventional rollers. 

At the time of performing this research, the only commercially available retrofit kits were 

distributed by Trimble®. The evaluation of the TOPCON IC retrofit kits, introduced in March 

2015, were not included in this study. One of the main objectives of this study was to evaluate the 

performance of IC retrofit kits relative to the performance of the OEM systems. To that end, the 

HAMM and SAKAI IC OEM systems were also retrofitted with Trimble retrofit kits. Since the 

CAT OEM systems are similar to that of Trimbleôs, the Trimble retrofit kits were not installed on 

those CAT rollers.  

To further evaluate the vibration characteristics of the OEM and retrofit IC systems, a data 

acquisition system (DAQ) was developed at UTEP. A schematic of the system is depicted in Figure 

3.2.1. The system consists of two accelerometers that are mounted on the two sides of the rollers 

(drums), a data acquisition box, a GPS antenna and receiver, a power supply and a laptop computer 

to monitor the data collection process (see Figure 3.2.2).  

A similar data acquisition system was also developed to monitor the propagation of roller vibration 

within the geomaterials by embedding three-dimensional (3D) geophones at two different depths 

in the subsurface layers. A second GPS system was used to synchronize the collected data with 

this stationary system with the accelerometers mounted on the rollers. The two 3D geophones were 

embedded in the existing ground layer (before placement of the new test layer) at two different 

depths to monitor the soil layer responses during the IC operation. The 3D geophones recorded the 

vertical, transversal and longitudinal amplitudes of vibration, with the longitudinal response being 

in the same direction as the roller movement and the transversal response being perpendicular to 

the moving direction. 

 

Figure 3.2.1. Schematic of the IC Validation System 
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Figure 3.2.2. Components of the data acquisition system developed for this research 

The DAQ was installed on each roller to collect data using the following two setups: 

¶ Stationary vibration (with two accelerometers mounted on the roller, one on the drum 

surface and one inside the drum) with the following settings (see Figure 3.2.3):  

o Low-frequency and low-amplitude 

o High-frequency and low-amplitude 

o Low-frequency and high-amplitude 

o High-frequency and high-amplitude 

¶ Moving vibration (see Figure 3.2.4) from 50 ft before to 50 ft after the location of 

embedded geophones while the two accelerometers were mounted on each side of the front 

drum.  

Figures 3.2.5 and 3.2.6 illustrate typical vibration data from mounted accelerometers and 

embedded geophones, respectively. In both figures, the raw data are shown in the time domain. 

The frequency-domain data are also demonstrated to show the peak amplitudes, forcing and 

associated harmonic frequencies. The data reduction process will be explained in more details in 

Chapter 4. 

Figure 3.2.7 illustrates the typical position of the mounted accelerometers on the front drums to 

monitor their performance. As noted earlier, three different data collection systems (retrofit kit, 

OEM and UTEP DAQ) were utilized to collect vibration data simultaneously during the 

compaction process. Figure 3.2.8 exhibits a typical result of the fast-Fourier transform (FFT) 

analysis that shows the forcing and first harmonic vibrating frequency of the mounted 

accelerometer as well as their corresponding amplitudes (A2 and A4).   

Accelerometer 

3D Geophone 

Data Acquisition Box and Laptop 
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Figure 3.2.3. Data collection during moving vibration 

 
Figure 3.2.4. Data collection during stationary vibration 
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Figure 3.2.5. Typical vibration data collected with the mounted accelerometers 

 

Figure 3.2.6. Typical vibration data collected with the embedded geophones 










































































































































