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EXECUTIVE SUMMARY 
Applied Research Associates, Inc. (ARA), at the request of Electronic Pavement 
Infrastructure, Inc. (EPIC), assessed the accuracy of an EPIC Ground Penetrating Radar 
(GPR) system that recently received major component upgrades.  The assessment 
included three of the four major services EPIC markets:  Pavement Thickness Analysis 
(PTA), Pavement Composition Analysis (PCA) and Pavement Voids Analysis (PVA).  
ARA evaluated the other major service, Relative Compaction Profile (RCP), in 2006.    
 
As part of the 2007 evaluation, ARA played the role as client and requested data from the 
EPIC project manager, Dr. Randall Brown.  Precision and bias estimates were made for 
all three techniques.  PVA measurements were also compared to previously reported 
accuracy.  Finally, error components of the PCA technique were determined.  Three 
pavements were evaluated including an old hot mix asphalt (HMA) pavement (Taxiway 
B), a new HMA pavement (I-10) and an old Portland cement concrete (PCC) pavement 
(Gator Aviation Ramp).  Table ES-1, Table ES-2 and Table ES-3 summarize the 
accuracy of pavement property predictions from the EPIC GPR system (also known as 
the Hyper Optics system). 
 
 

Table ES-1.  Pavement Thickness Analysis summary. 
 Taxiway B I-10 Combined HMA Gator Aviation 

Ramp 
Difference from measured core thickness, inches 

Mean difference 
distribution  
(Bias) 

0.0 -0.1 -0.1 -0.2 

Difference 
standard deviation ±0.34 ±0.18 ±0.27 ±0.33 

Precision, inches 
90 percent 
precision tolerance 
(±1.645 x Std Dev) 

±0.6 ±0.3 ±0.4 ±0.5 

95 percent 
precision tolerance 
(±1.96 x Std Dev) 

±0.7 ±0.4 ±0.5 ±0.6 

Reported accuracy, percent 
Percent within 
reported accuracy 
(HMA = 0.5 inch 
PCC = 1.0 inch) 

89 97 93 100 
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Table ES-2.  Pavement Voids Analysis summary. 

 
Automated PVA with 

default thickness 

Automated PVA with 
calibration core 

thickness 
Manual PVA 

Difference from measured void depth, inches 
Mean difference 
distribution (Bias) 

1.3 0.0 0.0 

Difference standard 
deviation ±1.45 ±0.22 ±0.32 

Precision, inches 
90 percent precision 
tolerance 
(±1.645 x Std Dev) 

±2.4 ±0.4 ±0.5 

95 percent precision 
tolerance 
(±1.96 x Std Dev) 

±2.8 ±0.4 ±0.6 

Reported accuracy, percent 
Percent within reported 
accuracy 
(0.5 inch) 

33 100 92 

 
 

Table ES-3.  Pavement Composition Analysis summary 

 
Density 

(2 outliers 
removed) 

Percent asphalt 
binder  

(2 outliers 
removed) 

Percent air 
voids  

(2 outliers 
removed) 

Theoretical 
maximum 

density 
(bias removed) 

Percent VMA 
(bias removed) 

Difference from laboratory value 
Mean 
difference 
distribution 
(Bias) 

0.003 0.00 0.62 0.003 -0.08 

Difference 
standard 
deviation 

±0.026 ±0.18 ±1.18 ±0.011 ±1.37 

Precision 
90 percent 
precision 
tolerance 
(±1.645 x Std 
Dev) 

±0.042 ±0.30 ±1.94 ±0.018 ±2.26 

95 percent 
precision 
tolerance 
(±1.96 x Std 
Dev) 

±0.050 ±0.36 ±2.32 ±0.022 ±2.69 

Percent within 
95 percent 
precision 
tolerance   

88 91 84 97 97 
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Following are other conclusions and recommendations: 
 

Pavement Thickness Analysis 
·   PTA predictions were slightly better for new HMA as compared to old 

distressed HMA. 
·  PTA slightly under estimated HMA and PCC thickness for the pavements 

tested.  Historically, EPIC reports slight overestimating of pavement 
thickness during periods of sustained moisture.  

·  More than 93 percent of PTA measurements for the combined HMA were 
within 0.5 inch of core measurements and 100 percent of the predictions 
for PCC were within 1.0 inch of core measurements. 

 
Pavement Voids Analysis 
·  The cross-section for the Gator Aviation Ramp was the simplest possible 

for evaluating PVA (i.e., plain jointed concrete pavement with a granular 
base course). 

·  PVA predictions using the automated method and default thickness show 
no correlation to measured voids.  The estimated default thickness was 5 
inches greater than the measured thickness and the likely source of error. 

·  PVA predictions using the automated analysis and average core thickness 
were within 0.5 inch for 100 percent of the measurements.  Manual 
predictions were within 0.5 inch 92 percent of the time. 

·  PVA cannot be determined for pavement surface layers less than 5 inches 
thick.   

 
Pavement Composition Analysis 
·  Density predictions by GPR overestimated laboratory measurements by 

0.003. 
·  The GPR standard deviation for density estimation is ±0.026 and the 95 

percent precision range is ±0.050. 
·  The GPR measurements of density made in this study were within the 95 

percent precision range for 28 of 32 cores, or 88 percent. 
·  Overall, a bias was not found in percent asphalt binder predictions; 

however, there appears to be a potential trend in underestimating percent 
binder as laboratory measured percent binder increases. 

·  The GPR standard deviation for percent binder prediction is ±0.18 percent 
and the 95 percent precision range is ±0.36. 

·  The GPR measurements of percent asphalt binder made in this study were 
within the 95 percent precision range for 29 of 32 cores, or 91 percent. 

·  Percent air void predictions overestimated laboratory measurements by 
approximately 0.6 percent.   

·  The GPR standard deviation for percent air void estimation is ±1.18 
percent and the 95 percent precision range is ±2.32 percent. 

·  The GPR measurements of percent air voids made in this study were 
within the 95 percent precision range for 27 of 32 cores, or 84 percent. 
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·  A method to remove the bias from theoretical maximum density 
measurements was developed using the bias found in the percent air void 
measurements. 

·  GPR measurements of theoretical maximum density overestimated 
laboratory measurements by 0.003.  There appears to be a potential trend 
in underestimating theoretical maximum density as laboratory measured 
maximum density increases. 

·  The GPR standard deviation for theoretical maximum density 
measurement is ±0.011 percent and the 95 percent precision range is 
±0.022. 

·  The GPR measurements of theoretical maximum density made in this 
study were within the 95 percent precision range for 31 of 32 cores, or 97 
percent. 

·  The EPIC method of estimating VMA introduces a significant but 
expected bias in the calculation when compared to the method used by 
FDOT and most other highway agencies. 

·  A method to remove the predicted percent VMA bias was developed. 
·  The VMA bias is likely dependent on aggregate absorption of asphalt and 

should be calibrated for different mix types.  Additional calibration cores 
may be necessary for new projects. 

·  There appears to be a potential trend in underestimating percent VMA as 
laboratory measured VMA increases. 

·  The GPR standard deviation for percent VMA estimation ±1.37 percent 
and the 95 percent precision range is ±2.69. 

·  The GPR measurements of percent VMA made in this study were within 
the 95 percent precision range for 31 of 32 cores, or 97 percent. 

 
 

General 
·  When available, project information such as mix design targets, 

construction history and observed surface distresses should be collected.  
This information may play a helpful role in GPR data analysis. 

·  Accurately locating areas of interest along the roadway identified by GPR 
is often critical.  Alternative distance measuring techniques should be 
employed when applicable.  Electronic markers that represent known 
features such as bridge approaches or intersections should be marked 
within GPR data when they can be accurately utilized.  Side mounted 
lasers can also be used to trigger electronic markers when passing by cones 
with reflective tape placed along the shoulder within a project.   
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1 INTRODUCTION 

1.1 Background 
Applied Research Associates, Inc. (ARA), at the request of Electronic Pavement 
Infrastructure, Inc. (EPIC), assessed the precision and bias of an EPIC Ground 
Penetrating Radar (GPR) system that recently received major component upgrades.  EPIC 
markets their system and services under the trade name Hyper Optics (HO), which they 
define as the sophisticated, automated analysis of GPR signals collected using innovative 
GPR hardware.  In the past, ARA has twice assisted EPIC with evaluating HO 
capabilities as unbiased observers.  In 2005, ARA assessed the capability to measure 
subsurface voids (a proof-of-concept test using a single antenna of the array), and in 2006 
evaluated the ability to determine the relative compaction profile (RCP) of a newly 
constructed pavement (1, 2).  Additionally, ARA shares many of the same clients as 
EPIC and has strived to understand their needs, particularly the Florida Department of 
Transportation (FDOT).  ARA has also evaluated the accuracy of FDOT nondestructive 
testing devices, including a GPR system (3).    
 
EPIC markets four major services: Pavement Thickness Analysis (PTA), Pavement 
Composition Analysis (PCA), Pavement Voids Analysis (PVA) and Relative Compaction 
Profile (RCP).  Maximum depth of penetration has been measured at 24 inches from the 
surface for asphalt pavements and 12 inches from the surface for concrete pavements.  
Greater depths can be achieved for concrete pavements depending on aggregate type and 
moisture conditions.  A brief description of each capability is provided below. 
 

·  Pavement Thickness Analysis (PTA):  Thickness estimation of pavement support 
layers.  Typical reported accuracy for asphalt surface layers with the use of a 
calibration core is 0.25 to 0.5 inch, and 0.5 to 1.0 inch without calibration cores.  
Reported accuracy for concrete surface layers with a calibration core is 0.5 to 1.0 
inch, and 2.0 to 4.0 inches without calibration cores.    

·  Pavement Composition Analysis (PCA):  Determination of the volumetric 
concentration of solids, liquids and air in pavement mixtures.  For asphalt 
pavements, material properties such as density, air void content (VTM) and 
asphalt content are estimated.  Density, evaporable water content, porosity and 
percent air are calculated for concrete pavements.     

·  Pavement Voids Analysis (PVA):  Quantification of the aerial extent, depth and 
location of subsurface voids undermining the support of a pavement system.  A 
2005 study by ARA indicated that subsurface voids were accurately measured 
within 0.5 inch (1).  

·  Relative Compaction Profile (RCP):  Calculation of the relative density profile of 
a pavement surface.   
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1.2 Objective 
The objectives of this study were to: 
 

a. Evaluate the accuracy of pavement properties predicted from the EPIC HO 
system. 

b. Assess the operational readiness of EPIC HO technology (in light of major 
component upgrades) to include:  Hyper Optics Vehicle 2 (HO2), operational 
procedures, data processing, and product delivery. 

c. Observe EPIC operations and offer suggestions for improvement.  Due to 
their proprietary nature, “Operational Observations,” will be forwarded to Dr. 
Brown under separate cover. 

1.3 Scope 
This report describes operational aspects related to the measurement and reporting of 
pavement properties with an EPIC GPR system.  Accuracy of the GPR to measure PTA, 
PCA and PVA was evaluated.  
 
Three pavements were scanned and cored.  Two pavements, a hot mix asphalt (HMA) 
taxiway and a Portland cement concrete (PCC) apron, were located at the Gainesville 
Regional Airport, Florida.  A third HMA pavement was a new recycled Superpave 
overlay on I-10 in Baker County, Florida. 

2 TEST DESCRIPTION 

2.1 Project Organization 
The study was divided into four phases:  planning, oversight, data analysis and 
documentation.  Planning consisted of site selection, acquiring access to each site and 
coordination with all involved parties.  Oversight included coordination with EPIC and 
the asphalt testing laboratory, Asphalt Technologies, Inc. (ATI), to ensure that all data 
was collected in a suitable manner.  ARA personnel were also present for all aspects of 
the survey at the Gainesville Regional Airport.  Pavement information collected with the 
GPR and measured in the field and laboratory were evaluated for accuracy as the third 
phase.  Operational observations were also made.  Finally, this report represents the last 
phase of the study.      
 
Each pavement scanned was treated as a typical GPR project.  ARA acted as the client 
and communicated data needs to the EPIC project manager, Dr. Randall Brown.  Cores 
collected at each site represented locations where pavement properties were required. 
 
 
 
 
 
 



 3 

2.2   Site Descriptions 

2.2.1 Gainesville Regional Airport 
Gainesville Regional Airport, located in north central Florida, is served by two runways, 
two parallel taxiways, two connecting taxiways, and a parking apron.  A general aviation 
facility on the north side of the airport also has several small parking aprons.  Portions of 
the airfield were constructed in 1941 and initially utilized by the Army Air Corps and the 
Army Air Force.   
 
Two airfield features, Taxiway B and the Gator Aviation Ramp, were evaluated as part of 
the exercise.  Figure 2-1 shows the Gainesville Regional Airport and locations of 
evaluated features.  
 

Taxiw
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Figure 2-1. Gainesville Regional Airport aerial view (www.gra-gnv.com).  

2.2.1.1 Taxiway B 
Taxiway B is a 48-foot wide HMA surfaced feature connecting Runway 11-29 and 
Runway 7-25.  The taxiway is approximately 2,513 feet long between the hold short 
lines.  All testing was measured from the hold short line at the intersection of Runway 
11-29 and moved north until just past the hold short line at the intersection of Runway 7-
25.  
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A visual survey of Taxiway B revealed extensive block cracking.  A depression and small 
patch was also noted on the east side of the centerline near the hold short line at the 
intersection of Runway 7-25.  A photograph of Taxiway B is shown in Figure 2-2. 
 
Three lanes of GPR data were collected along Taxiway B.  Two lanes of data were 
collected east of the centerline while the third was recorded west of the centerline.  
Thirty-one cores were retrieved from Taxiway B for thickness determination.  A 
calibration core was taken for each scanned lane.  Two HMA layers were found that had 
an average combined thickness of 3 inches.  The top layer averaged 2.2 inches thick and 
consisted of a rounded aggregate with a maximum size of approximately 3/4 inch.  The 
bottom layer is a poorly-graded mixture with an average thickness of 0.8 inches and also 
had a maximum aggregate size of approximately 3/4 inch.  Eleven cores were extracted 
along pavement cracks.  Crack depths ranged from 0.8 inch to full depth.  Crack widths 
ranged from less than 0.1 inch to more than 0.5 inch.  A photograph of core R1-8 is 
shown in Figure 2-3.  All cores appeared to have good contact with the limerock base.  
The layer thickness and type of additional subsurface layers is unknown.   
 

 
Figure 2-2.  Photograph of block cracking on Taxiway B. 
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Figure 2-3.  Photographs of Taxiway B core R1-8. 

2.2.1.2 Gator Aviation Ramp 
The Gator Aviation Ramp is located on the general aviation side of the airport in front of 
the Gator Aviation hangar.  The ramp is surfaced with Portland cement concrete (PCC).  
Several patches and replaced slabs were observed within the Gator Aviation Ramp.  
Additionally, several old and working linear and corner cracks were evident.  Some linear 
cracks are due to shrinkage and incompatible slab dimensions.  The slabs on the Gator 
Aviation Ramp measured 12.5 feet by 25 feet.  Several corner cracks and shattered slabs 
were also observed.  These types of distresses are usually created by repeated loading 
combined with a loss of support, inadequate thickness, curling stresses or a combination 
of mechanisms.  Figure 2-4 shows some of the distresses observed within Gator Aviation 
Ramp. 
 
A grid was established to easily locate and describe slabs within the Gator Aviation 
Ramp.  The grid, shown in Figure 2-5, displays the portions not tested with GPR.  All 
testing was conducted from north to south.  Each GPR scan was confined to a column of 
slabs.  Twelve cores were extracted from Gator Aviation Ramp.  The average core 
thickness was 6 inches.  The maximum aggregate size is approximately 1 to 1½ inches.  
A photograph of core 8F is shown in Figure 2-6.  Understandably, the thinnest core 
collected was extracted from the divided slab shown in Figure 2-4.  A sandy subgrade 
was found supporting the PCC pavement.   
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Figure 2-4.  Photographs of Gator Aviation Ramp. 
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Figure 2-5.  Diagram of Gator Aviation Ramp grid. 
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Figure 2-6.  Photograph of Gator Aviation Ramp core 8F. 

 

2.2.1.3 Gainesville Regional Airport Weather 
Standing water and moisture in the pavement system have the potential to influence GPR 
measurements and pavement performance in general.  Table 2-1 summarizes the 
temperature and rainfall one week prior to GPR testing at the Gainesville Regional 
Airport.  GPR data was collected on the morning of April 24. 
 
Table 2-1.  Temperature and rainfall summary for the Gainesville Regional Airport. 

Temperature, degrees Fahrenheit Date 
Mean Maximum Minimum 

Precipitation, 
inches 

April 17 67 84 49 0.00 
April 18 66 79 52 0.26 
April 19 65 79 50 0.00 
April 20 63 75 51 0.00 
April 21 66 79 53 0.00 
April 22 63 81 45 0.00 
April 23 65 83 47 0.00 
April 24 67 84 49 0.00 
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2.2.2 Interstate 10  
The survey on I-10 in Baker County was coordinated with FDOT’s District 2.  Baker 
County is located in north Florida near the Georgia border.  I-10 is an interstate that spans 
from Jacksonville, FL to Los Angeles, CA.  In Baker County, I-10 is a four lane divided 
roadway surfaced with HMA.  The FDOT project consisted of milling and resurfacing the 
pavement.  The westbound direction received a 12.5-mm coarse Superpave mix while the 
eastbound direction received a 12.5-mm fine Superpave mix.  Both mix designs included 
recycled asphalt pavement (RAP). Table 2-2 summarizes the gradation of each mix, and 
Table 2-3 lists key design parameters.   
 
Four GPR surveys were performed on I-10.  Three of the surveys were conducted in the 
westbound direction, and the last survey was made in the eastbound direction.  Thirty-six 
cores were retrieved from I-10.  Four of these cores were designated as calibration cores.   
 

Table 2-2.  Interstate 10 mix design gradations. 
Travel Direction Eastbound Direction Westbound Direction 

GPR Scans Passes 1 though 3 Pass 4 
19.0 mm (3/4 inch) 100 100 
12.5 mm (1/2 inch) 98 95 
9.5 mm (3/8 inch) 90 85 
4.75 mm (No. 4) 66 58 
2.36 mm (No. 8) 43 38 
1.18 mm (No. 16) 31 23 
0.60 mm (No. 30) 23 15 
0.30 mm (No. 50) 16 10 
0.15 mm (No. 100) 8 6 

S
ie

ve
 S

iz
e 

0.075 mm (No. 200) 4.4 4.8 
 

Table 2-3.  Interstate 10 design volumetric properties. 
 Aggregate Binder HMA Mixture 

Mix Gsb Gse Pb Pbe Gmm Gmb 
Unit 

Weight, 
pcf 

VTM, 
% 

VMA, 
% 

Eastbound 2.643 2.744 5.5 4.3 2.504 2.403 149.9 4.0 14.1 
Westbound 2.744 2.798 5.6 5.1 2.542 2.441 152.3 4.0 16.0 

2.2.2.1 Interstate 10 Weather 
GPR data was collected on the nights of April 30 through May 3.  Table 2-4 summarizes 
the temperature and rainfall at Cecil Field a week before testing began.  Cecil Field is 
west of Jacksonville and approximately 20 miles from the eastern border of Baker 
County.  As the table shows, very little rainfall was recorded in the area.  In fact, at the 
time of testing a fire spurned by drought was located just north of the state border and 
eventually crossed into Florida.  FDOT was forced to close I-10 for periods shortly after 
the GPR survey was completed.  
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Table 2-4.  Temperature and rainfall summary for Cecil Field. 
Temperature, degrees Fahrenheit Date 

Mean Maximum Minimum 
Precipitation, 

inches 
April 23 60 80 41 0.00 
April 24 64 84 44 0.00 
April 25 70 87 53 0.00 
April 26 72 87 57 0.00 
April 27 78 89 66 0.00 
April 28 73 86 60 0.00 
April 29 69 87 51 0.00 
April 30 68 89 48 0.00 
May 1 69 87 51 0.00 
May 2 79 89 53 0.00 
May 3 75 93 57 0.00 

 

2.3 Test Measurements 

2.3.1 Ground Penetrating Radar 
The EPIC GPR system, referred to as Hyper Optics 2 (HO2), is vehicle-mounted with a 
four-antenna array.  Each GPR antenna emits a series of electromagnetic pulses of the 
same form and duration at a definite interval known as the pulse repetition (or pop) rate.  
The antennas operate at a central frequency of 1 GHz with pulse duration of 
approximately 1 ns and maximum power of 20 W.  The radar units have a pulse 
repetition rate of 50 Hz.  Sample frequency is a function of survey speed.  At 60 miles per 
hour, data can be sampled at a frequency of approximately 1.7 feet.  Each antenna has an 
effective elliptical-shaped radar “footprint” of approximately 3 feet transverse to the 
direction of travel and 2 feet parallel to the direction of travel.  The antennas are mounted 
approximately 3 feet apart, resulting in full coverage of a 12-foot wide lane.  The length 
along the pavement section is measured with a differential global positioning system 
(GPS) mounted to the scan vehicle.  HO2 is shown in Figure 2-7. 
 
Through a proprietary process, EPIC determined PTA at all sites, PVA at the Gator 
Aviation Ramp and PCA on I-10.  All GPR operations were performed according to 
standard EPIC procedures.  PVA was performed using two methods.  First, the EPIC 
procedure allows for an automated process using a GPR-estimated thickness calculated 
without user input or through use of an average thickness determined from ground truth 
data or construction history.  A second approach is a manual interpretation of the 
pavement thickness and subsurface void extent. 
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Figure 2-7.  Photograph of Hyper Optics 2. 

2.3.2 Ground Truth Measurements 
Thickness of cores and subsurface voids were measured in the field.  ARA made all 
measurements at the Gainesville Regional Airport including thickness of cores and 
subsurface voids.  Stephen Reed of EPIC measured the HMA thickness of I-10 cores.  
HMA cores were 6 inches in diameter and PCC cores were 4 inches in diameter.   
 
ATI retrieved all project cores and determined HMA volumetric properties according to 
FDOT standards.  ATI routinely works for FDOT and has assisted EPIC in the past with 
District 2 projects.  ATI determined the HMA bulk specific gravity (Gmb) according to 
AASHTO T 166, maximum specific gravity (Gmm) according to AASHTO T 209 and 
percent asphalt binder (Pb) according to FM 5-563 (an ignition method).  Percent air 
voids (Va) and voids in mineral aggregate (VMA) were calculated using the measured 
properties. 
 
A calibration and additional verification core was selected for each GPR scan.  Pavement 
properties for these cores were forwarded to the EPIC analyst.  Verification cores are 
used by EPIC to determine if a change in pavement material was encountered within the 
scan and are not used to perform additional calibrations or modify correlations.  
Calibration cores were excluded from all analysis. 
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2.3.2.1 Review of HMA Volumetric Properties 
A review of common HMA volumetric relationships is necessary to understand the 
interaction of each component.  A phase diagram, as shown in Figure 2-8, is typically 
used to demonstrate the mass and volume relationships of air, asphalt binder and 
aggregate in a compacted HMA mixture.  The phase diagram separates each phase of a 
compacted HMA sample.  In order to use a phase diagram, it is necessary to convert 
between mass and volume using a material’s specific gravity.  Specific gravity is the ratio 
of the mass of a given volume of a substance to the mass of an equal volume of water at 
the same temperature.   Well established formulas based on the phase diagram and 
standard laboratory procedures are used to routinely determine HMA properties.   
 

 
Figure 2-8.  Compacted HMA volumetric composition. 

 
The total unit weight of an HMA mixture is determined by measuring the mixture’s total 
mass and total volume.  This is accomplished using the phase diagram as follows: 
 

Total Unit Weight, pcf 
t

t

V

M
=    Equation 2-1A 

Alternatively, the total unit weight can be measured in the laboratory by first determining 
the mixture’s bulk specific gravity and converting to a density.  The HMA bulk specific 
gravity (Gmb) can be measured using ASTM D 2726 and AASHTO T 166.  The following 
equation can be used to convert HMA bulk specific gravity to total unit weight: 
 

Total Unit Weight, pcf watermb *G g=    Equation 2-1B 

 

 

 
 

Va 

Vbe 

Vba  

Vs 

Vt 

Volume 

Ma = 0 

Mb 

Ms 

Mt 

Mass 

Aggregate 

Absorbed Asphalt Binder 

Effective Asphalt Binder 

Air 

Vb 
Mbe 

Mba  

Va = volume of air 
Vbe  = effective volume of binder 
Vba  = absorbed volume of binder 
Vb  = total volume of binder 
Vs   = volume of aggregate 
Vt    = total volume 
 

Ma  = mass of air 
Mbe   = effective mass of binder 
Mba   = absorbed mass of binder 
Mb    = total mass of binder 
Ms   = mass of aggregate 
Mt    = total mass 
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Percent air voids is the total volume of air between the coated aggregate particles 
throughout a compacted HMA mixture determined as a percent of the bulk volume.  
Percent air voids is calculated using the phase diagram as follows: 
 

Va, % 100*
V

V

t

a=        Equation 2-2A 

Percent air voids can also be determined using the mixture bulk specific gravity and the 
mixture maximum specific gravity.  The mixture maximum specific gravity can be 
determined using ASTM D 2041 or AASHTO T209.  VTM is calculated as follows: 
 

 Va, % 100*)
G

GG
(

mm

mbmm -
=      Equation 2-2B 

 
The total asphalt content is the combination of effective and absorbed asphalt content 
expressed as a percentage of the mass of aggregate.  Asphalt content is calculated from 
the phase diagram using the following equation: 
 

Pb, % 100*
M

MM

t

babe +
=     Equation 2-3 

 
Laboratory procedures to measure asphalt content include extraction and ignition.  
Asphalt extraction is performed according to ASTM D 6847 or AASHTO T 164 and 
extracts the asphalt from the mixture using a chemical solvent.  Ignition methods are 
determined according to ASTM D 6307 or AASHTO T 308 and require a furnace to raise 
the temperature high enough to fully burn the asphalt from the mixture.  In this study, FM 
5-563, a Florida method for asphalt content determination through ignition was utilized.   
  
VMA is the total volume of void spaces between the aggregate particles of a compacted 
HMA mixture that includes the air voids and effective asphalt.  Using the phase diagram, 
VMA is expressed as a percent of the total mixture volume as follows: 
 

 VMA, % 100*
V

VV

t

bea +
=     Equation 2-4A 

 
While VMA is a critical performance parameter, it is difficult to accurately determine 
during HMA production.  To calculate VMA, the mixture bulk specific gravity, aggregate 
bulk specific gravity (Gsb) and percent aggregate (Ps) must be known.  During HMA 
production, the mixture bulk specific gravity and percent asphalt binder are routinely 
measured.  If these properties and the aggregate bulk specific gravity are known, the 
following equation can be used to calculate VMA: 

 VMA, % 
sb

smb

G

P*G
100-=     Equation 2-4B 
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Unfortunately, routine measurement of the aggregate bulk specific gravity is often 
impractical. Therefore, many agencies, including FDOT, use the aggregate bulk specific 
gravity determined during the mix design for calculation of production VMA.  Of course, 
as HMA is produced the aggregate bulk specific gravity fluctuates, even if only slightly.  
One method proposed by the Asphalt Institute to more rapidly and accurately estimate the 
VMA is by using the aggregate effective specific gravity (4).  However, one must be 
cautious and realize the impact on VMA this substitution will have.  Mineral aggregate is 
porous and can absorb varying degrees of asphalt.  In HMA practice, the aggregate bulk 
specific gravity and effective specific gravity (Gse) are used to account for varying 
degrees of absorption.  The bulk volume of an aggregate includes the solid aggregate 
volume plus the volume of water-permeable surface pores.  The aggregate effective 
volume includes the volume of the solid aggregate and the volume of surface pores filled 
with water but not asphalt.  Therefore, VMA calculated using the aggregate effective 
specific gravity will be greater than the actual VMA determined using the aggregate bulk 
specific gravity, because the absorbed asphalt is not considered.  Aggregate volumes used 
in the determination of bulk and effective specific gravity are shown in Figure 2-9.    
 

 
 

Figure 2-9.  Diagram of aggregate volumes. 
 
The aggregate effective specific gravity can be determined using the results of the HMA 
mixture maximum specific gravity, asphalt content and asphalt binder specific gravity 
(Gb).  The specific gravity of most asphalt binders is approximately 1.  Effective specific 
gravity can be calculated as follows: 
 

 Gse =

b

b

mm

b

G

P

G
100

P100

-

-
        Equation 2-4C 

 

Absorbed asphalt binder 
Water permeable pores 
not filled with asphalt 
binder (included in 
effective volume)  

Water permeable pore 
(included in bulk volume) 

Aggregate  
particle 

Asphalt binder coating 
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To correct for the difference in specific gravities, an offset value can be calculated using 
the aggregate bulk specific gravity measured during the mix design and the effective 
specific gravity during production.  During production, the aggregate bulk specific 
gravity can be estimated using the offset value.  The specific gravity offset value can be 
determined using the following equation: 
 
 Specific Gravity Offset value = Gse(Production) – Gsb(Design)    Equation 2-4D 
 
It should be noted however, that asphalt absorption may also vary within HMA 
production.  Aggregates with greater absorption may have a greater potential for 
variability. 

3 DATA ANALYSIS 

3.1 Methodology 
Pavement locations were identified using GPS coordinates.  Due to the limitations of 
GPS, pavement properties were reported as minimum and maximum values within the 
GPS accuracy.  Midpoint values were used for analysis purposes.  GPR data and 
validation cores were compared using several techniques.  These techniques ranged from 
visual comparisons of plots to statistical procedures.  The methods of comparison are 
summarized below. 
 

·  Visual comparisons of plots of GPR estimations and ground truth 
measurements were made.   

·  Previously reported accuracy of GPR measurements was compared for 
PTA and PVA. 

·  Precision and bias were estimated. 
 
Precision and bias were determined assuming a normal probability distribution.  Each 
individual GPR estimated value was subtracted from the corresponding laboratory 
measured value.  The difference in the comparison between the two test methods 
produces a difference distribution.  Under ideal conditions, the mean of the difference 
distribution will be zero.  If the mean of this difference distribution is not zero, it is called 
by the technical term, “bias”.  It is presumed that this bias represents a systematic 
difference between the two test methods.  If the bias of a candidate test method is known, 
it may be used to correct the values to be comparable to the standard test method. 
 
Precision is related to the standard deviation of the difference distribution and represents 
the closeness of agreement between independent test results.  Since a normal probability 
distribution is assumed, it can be justified that approximately 90 percent of the test 
measurements will be within 1.645 standard deviations and that 95 percent of the 
measurements will be within 1.96 standard deviations.  This study included 90 and 95 
percent precision estimates.  Typical precision requirements are shown in Table 3-1. 
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Table 3-1.  Typical precision requirements. 
Number of standard deviations Percent of data within the range 

±1s 68 
±1.645s 90 
±1.96s 95 

±3s 99 
 

3.2 Sources of Potential Errors 
Sources of potential errors associated with this study include the error related to 
identifying locations with GPS accuracy, the error related to the laboratory test the GPR 
estimates were compared to and the error associated with the GPR process itself.  
Intuitively, pavement variation could be expected to be quite high in a relatively small 
area due to a wide array of issues and problems that may arise during construction and 
later during the life of the pavement.  Therefore, it is essential the locations of interest are 
accurately referenced within the GPR data and their position precisely located on the 
pavement surface prior to coring.  EPIC uses a differential GPS to identify locations of 
interest along the pavement.  The GPS has a 95 percent accuracy radius of ± 3.3 feet.  
Figure 3-1 shows a diagram that represents the GPS accuracy and antenna footprint along 
a 12 foot wide lane.  In practice, the GPS is used to estimate longitudinal distance while 
the antenna spacing is used to reference transverse distance.  Therefore, there is less error 
associated with locating cores or other areas of interest along the transverse direction of a 
lane as compared to the longitudinal direction.   
 
 

Figure 3-1.  Diagram of GPS accuracy. 
 

±3.3 feet  
95%GPS Accuracy 

Lane Width 

GPR 
Antenna 
Footprint 

GPR 
Antenna 
Footprint 

GPR 
Antenna 
Footprint 

GPR 
Antenna 
Footprint 

4 inch diameter core 

2 feet 

6 inch diameter core 

3 feet 
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AASHTO and ASTM have recognized the variability associated with laboratory 
measurements and report requirements for test standard deviations and precision.  
Precision requirements and standard deviations for the laboratory methods used in this 
study by ATI are shown in Table 3-2.  Reported precision for bulk specific gravity and 
theoretical maximum density were determined using laboratory prepared specimens and 
not plant produced samples.  It would be expected that plant produced samples would 
create greater variability.  In general, equivalent ASTM methods report greater variability 
than AASHTO standards.  ASTM precision requirements for bulk specific gravity, 
theoretical maximum density and percent asphalt binder are summarized in Table 3-3.    
 

Table 3-2.  Precision requirements for laboratory methods used in this study. 

Single operator Multi-laboratory 

Test Method 

Standard 
deviation 

95 percent 
precision 

Standard 
deviation 

95 percent 
precision 

Bulk specific 
gravity 
(Laboratory 
samples) 

AASHTO T166 0.007 0.020 Not reported Not reported 

Theoretical 
maximum density 
(Laboratory 
samples) 

AASHTO  
T 209 

0.004 0.011 0.0064 0.019 

Percent asphalt 
binder 
(Plant samples) 

FM 5-563 0.114 0.32 0.156 0.44 

   
Table 3-3.  ASTM precision requirements. 

Single operator Multi-laboratory 

Test Method 

Standard 
deviation 

95 percent 
precision 

Standard 
deviation 

95 percent 
precision 

Bulk specific 
gravity 
(Laboratory 
samples) 

ASTM  
D 2726 

0.008 0.023 0.015 0.042 

Theoretical 
maximum density 
(Laboratory 
samples) 

ASTM 
D 2041 

0.008 0.023 0.016 0.044 

Percent asphalt 
binder 
(Laboratory 
samples) 

ASTM  
D 6307 

0.04 0.11 0.06 0.17 
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Technological limitations also restrict GPR accuracy.  EPIC states that the noise-to-signal 
ratio of the GPR system is less than 5 percent.  The signal to noise ratio may be a limiting 
factor in the GPR’s ability to distinguish pavement properties. 
 
Errors cannot simply be summed since their magnitude and sign may not be known.  
Often, errors associated with a test may cancel each other so that the total error is less 
than the sum of its parts.  If the errors are independent and normally distributed, they can 
be propagated by summing the squares of the individual errors as shown below. 
 

GPR
2

GPS
2

lab
2

total s+s+s=s      Equation 3-1  
 

Where, 
 

s total = total error, standard deviation of mean difference of GPR and laboratory  
measurements 

s lab = error associated with laboratory testing 

s GPS = error associated with GPS accuracy  

s GPR = error associated with GPR 

3.3 Pavement Thickness Analysis 
Pavement thickness for all three pavements were estimated with GPR and measured from 
cores.  A total of 60 HMA cores were collected for analysis; 28 from Taxiway B and 32 
from I-10.  Only 11 cores were available for the PCC pavement.  The measured core 
thickness of each pavement is summarized in Table 3-4.  Plots comparing the core 
thickness and GPR measured thickness of each site are shown in Figure 3-2, Figure 3-3 
and Figure 3-4.  Error bars show the reported accuracy of the GPR if using calibration 
cores.  For asphalt pavement this range is 0.5 inch and for concrete pavements the range 
is 1.0 inch.  Overall, 93 percent of the HMA measurements and 100 PCC measurements 
were within their respective reported accuracies.  On average, GPR measurements 
underestimated HMA thickness by 0.1 inch and PCC thickness by 0.2 inch.  Historically, 
EPIC reports that PTA slightly overestimates pavement thickness during periods of 
substantial rainfall.  As noted earlier, little to no rainfall had accumulated during week 
prior to testing.  Individual GPR and core thickness measurements are reported in 
Appendices A through C. 
 

Table 3-4.  Thickness summary of cores. 

Thickness, inch Taxiway B 
(old HMA) 

I-10  
(new HMA) 

Gator Aviation Ramp 
(old PCC) 

Mean 3.0 2.0 6.0 
Max 3.6 2.2 6.9 
Min 2.2 1.8 4.6 
Standard Deviation 0.39 0.09 0.65 
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Figure 3-2.  Thickness measurements for Taxiway B. 

 
 

Interstate 10
Baker County, Florida
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Figure 3-3.  Thickness measurements for Interstate 10. 
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Figure 3-4.  Thickness measurements for the Gator Aviation Ramp. 

 
 

Table 3-5.  Pavement Thickness Analysis summary. 
 Taxiway B I-10 Combined HMA Gator Aviation 

Ramp 
Difference from measured core thickness, inches 

Mean difference 
distribution  
(Bias) 

0.0 -0.1 -0.1 -0.2 

Difference 
standard deviation ±0.34 ±0.18 ±0.27 ±0.33 

Precision, inches 
90 percent 
precision limit 
(±1.645 x Std Dev) 

±0.6 ±0.3 ±0.4 ±0.5 

95 percent 
precision limit 
(±1.96 x Std Dev) 

±0.7 ±0.4 ±0.5 ±0.6 

Reported accuracy, percent 
Percent within 
reported accuracy 
(HMA = 0.5 inch 
PCC = 1.0 inch) 

89 97 93 100 
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3.4 Pavement Voids Analysis 
Subsurface voids were measured below cores retrieved from the Gator Aviation Ramp.  
Two methods were used to estimate subsurface void depth.  One method is based on an 
automated process that reduces user interaction and the other is a manual process that 
requires intensive analysis.  In total, three GPR measurements were evaluated.  These 
measurements consisted of the following: 
 

·  Automated analysis with default thickness 
·  Automated analysis with the average core thickness 
·  Manual analysis 

 
Despite the distresses indicating support loss, subsurface void depths averaged only 0.3 
inch and the deepest void measured 0.6 inch.  The reported accuracy of the GPR system 
to measure subsurface voids is 0.5 inch (1).  Figure 3-5 shows the core thickness, 
measured subsurface void with reported accuracy and GPR estimated void depth.  
Clearly, there appears to be little correlation with the measured void depth and estimated 
void depth using the automated analysis and default thickness.  The default PCC 
thickness automatically calculated was on average 11 inches.  Average void thickness 
was either 2.5 inches or 0.3 inches.  Other analysis methods that employed average or 
manually estimated thicknesses made better predictions.  Table 3-6 summarizes the GPR 
estimated subsurface void depths.  
 
 Individual core and GPR measurements are listed in Table B-1 in Appendix B. 
 
               

Gainesville Regional Airport
Gator Aviation Ramp

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

5H 6M 6E 7K 7F 7E 8F 10
N

10
L

11
G

14
B 15

I

Core

D
ep

th
 f

ro
m

 s
ur

fa
ce

, 
in

ch

Measured subsurface void
Core thickness
Manual PVA
Automated PVA with calibration core thickness
Automated PVA with default thickness

 
Figure 3-5.  Subsurface void measurements on the Gator Aviation Ramp.  
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Table 3-6.  Pavement Voids Analysis summary. 

 
Automated PVA with 

default thickness 

Automated PVA with 
calibration core 

thickness 
Manual PVA 

Difference from measured void depth, inch 
Mean difference 
distribution (Bias) 

1.3 0.0 0.0 

Difference standard 
deviation ±1.45 ±0.22 ±0.32 

Precision, inches 
90 percent precision 
limit  
(±1.645 x Std Dev) 

±2.4 ±0.4 ±0.5 

95 percent precision 
limit 
(±1.96 x Std Dev) 

±2.8 ±0.4 ±0.6 

Reported accuracy, percent 
Percent within reported 
accuracy 
(0.5 inch) 

33 100 92 

 
One reported limitation of PVA is the inability to estimate void depths for pavements 
thinner than 5 inches due to the resolution of the GPR signal.  Resolution and penetration 
depth of GPR signals is dependent on antenna frequency, material type and moisture 
content among others.  For pavements thinner than 5 inches, experience has shown that 
the radar signal reflection associated with the pavement surface often overlaps with the 
reflection from the bottom of the pavement layer.  Currently, the resulting convoluted 
signal is impossible to accurately interpret.  It should be noted, however, that core 7K had 
a thickness of 4.6 inches and the void thickness was estimated within the reported 
accuracy for all methods.   

3.5 Pavement Composition Analysis 

3.5.1 Density 
The GPR was used to estimate the total unit weight along Interstate 10 and was compared 
to laboratory measured bulk specific gravities for 32 cores.  Total unit weight predictions 
made with the GPR were converted to bulk specific gravities in order to make 
comparisons.  Table 3-7 summarizes the density measurements.  Figure 3-6 and Figure 
3-7 show the GPR and core density measurements.  GPR error bars in Figure 3-6 
represent the 90 percent precision limits.   The bias and 95 percent precision limits are 
shown in Figure 3-7.  On average, density is slightly overestimated.  It is clear that the 
GPR prediction for core 1-1-4 drastically overestimates the density and underestimates 
core 2-3-2.  Table 3-8 summarizes the density estimates for all of the data and without the 
two outliers.   
 
Individual laboratory and GPR volumetric measurements can be found in Appendix C.        
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Table 3-7.  Density measurement summary. 

Bulk Specific Gravity (Gmb) Laboratory GPR 
Mean 2.382 2.389 
Max 2.451 2.525 
Min 2.280 2.292 
Standard Deviation 0.044 0.058 
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Figure 3-6.  Density measurements. 
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Figure 3-7.  Difference distribution of density measurements. 

 
 

Table 3-8.  Density analysis summary. 

 32 cores 30 cores  
(2 outliers removed) 

Difference from laboratory 
Mean difference 
distribution (Bias) 

0.005 0.003 

Difference standard 
deviation ±0.039 ±0.026 

Precision 
90 percent precision limit 
(±1.645 x Std Dev) 

±0.064 ±0.042 

95 percent precision limit 
(±1.96 x Std Dev) 

±0.077 ±0.050 

Percent within 95 percent 
precision tolerance within 
this study 

94 
(30 of 32) 

88 
(28 of 32) 
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3.5.2 Percent Asphalt Binder 
GPR predictions and 32 laboratory measurements of percent asphalt binder were 
performed.  Table 3-9 summarizes the measurements for percent asphalt binder.  Figure 
3-8 shows the GPR and laboratory measurements and Figure 3-9 shows the difference 
distribution.  Figure 3-9 shows an apparent trend to underestimate laboratory 
measurements as the percent binder increases.  Further study would be required to fully 
investigate this potential pattern.  Table 3-10 summarizes the bias and precision of the 
GPR measurements for all 32 cores and when two outliers are removed.  Overall, there 
appears to be good agreement between laboratory and GPR estimated percent asphalt 
binder.   
 
Individual laboratory and GPR volumetric measurements can be found in Appendix C.    
 

Table 3-9.  Percent asphalt binder measurement summary. 

Percent Asphalt Binder (Pb) Laboratory GPR 
Mean 5.58 5.62 
Max 6.02 6.31 
Min 4.97 5.19 
Standard Deviation 0.236 0.209 
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Figure 3-8.  Percent asphalt binder measurements. 
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Figure 3-9.  Difference distribution of percent binder measurements. 

 
 

Table 3-10.  Percent asphalt binder analysis summary. 

 32 cores 30 cores  
(2 outliers removed) 

Difference from laboratory, percent 
Mean difference 
distribution (Bias) 

0.04 0.00 

Difference standard 
deviation ±0.24 ±0.18 

Precision, percent 
90 percent precision limit 
(±1.645 x Std Dev) 

±0.40 ±0.30 

95 percent precision limit 
(±1.96 x Std Dev) 

±0.47 ±0.36 

Percent within 95 percent 
precision tolerance within 
this study 

94 
(30 of 32) 

91 
(29 of 32) 
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3.5.3 Percent Air Voids 
GPR predictions and 32 laboratory measurements of percent air void were performed.  
Calibration cores were not included in the analysis.  Percent air void measurements are 
summarized in Table 3-11 and shown in Figure 3-10.  The GPR tends to overestimate the 
air void content by approximately 0.5 percent.  Table 3-12 summarizes the bias and 
precision of the GPR measurements.  As with other measurements, cores 1-1-4 and 2-3-2 
appear to be outliers.   
 
Individual laboratory and GPR volumetric measurements can be found in Appendix C.          
 
 

Table 3-11.  Percent air void measurement summary. 

Percent air voids (Va) Laboratory GPR 
Mean 6.54 7.04 
Max 9.45 10.01 
Min 3.96 0.83 
Standard Deviation 1.297 2.000 
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Figure 3-10.  Percent air void measurements. 
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Figure 3-11.  Difference distribution of percent air void measurements. 

 
 

Table 3-12.  Percent air void analysis summary. 

 32 cores 30 cores  
(2 outliers removed) 

Difference from laboratory, percent 
Mean difference 
distribution (Bias) 

0.51 0.62 

Difference standard 
deviation ±1.85 ±1.18 

Precision 
90 percent precision limit 
(±1.645 x Std Dev) 

±3.05 ±1.94 

95 percent precision limit 
(±1.96 x Std Dev) 

±3.63 ±2.32 

Percent within 95 percent 
precision tolerance within 
this study 

91 
(29 of 32) 

84 
(27 of 32) 
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3.5.4 Theoretical Maximum Density 
GPR predictions and 32 laboratory measurements of theoretical maximum density were 
performed.  EPIC does not routinely perform this estimation but can use the density and 
percent air void estimations to determine the maximum mixture density.  The formula 
used to estimate the theoretical maximum specific gravity is shown below.  Note that bias 
found in the percent air void estimation can be removed. 
 

 Gmm = 
)biasV(1

G

a

mb

--
        Equation 3-5 

 
Theoretical maximum density measurements are summarized in Table 3-13 and shown in 
Figure 3-12.  The GPR tends to overestimate the theoretical maximum density by 
approximately 0.003.  Table 3-14 summarizes the bias and precision of the GPR 
measurements.  Figure 3-13 shows the distribution difference and illustrates a possible 
trend to underestimate density as laboratory maximum density increases.   
 
Individual laboratory and GPR volumetric measurements can be found in Appendix C.          
 
 

Table 3-13.  Theoretical maximum density summary. 
Theoretical 
maximum density 
(Gmm) 

Laboratory With bias Bias removed 

Mean 2.551 2.570 2.553 
Max 2.580 2.593 2.576 
Min 2.503 2.537 2.520 
Standard Deviation 0.022 0.019 0.019 
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Figure 3-12.  Theoretical maximum density measurements. 
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Figure 3-13.  Difference distribution of maximum density measurements. 
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Table 3-14.  Theoretical maximum density measurement summary. 

 With bias With bias removed 
Difference from laboratory 

Mean difference 
distribution (Bias) 

0.020 0.003 

Difference standard 
deviation 

±0.011 ±0.011 

Precision 
90 percent precision limit 
(±1.645 x Std Dev) 

±0.019 ±0.018 

95 percent precision limit 
(±1.96 x Std Dev) 

±0.022 ±0.022 

Percent within 95 percent 
precision tolerance within 
this study 

NA 
(Significant bias) 

97 
(31 of 32) 

 

3.5.5 Voids in Mineral Aggregate 
VMA is a property that is calculated from other measured properties.  Problems 
associated with VMA calculation have been described in Section 2.3.2.1.  FDOT 
calculates VMA using the aggregate bulk specific gravity from the mix design while 
EPIC estimates the effective specific gravity from the calibration core.  Both methods 
assume the respective aggregate specific gravities remain constant throughout the 
roadway.   
 
In order to ensure an appropriate comparison, the bias was removed from the VMA 
calculated with the GPR.  The bias was found by subtracting the laboratory effective 
VMA from the typical FDOT VMA calculated using the aggregate bulk specific gravity.  
The following formula shows the method used to calculate the VMA bias. 
 

VMA Bias, % = Effective VMA – FDOT VMA 
 

Where, 
 
 Effective VMA, % = VMA calculated using the aggregate effective specific  

gravity 
 FDOT VMA, % = VMA calculated using the aggregate bulk specific gravity 
 
The VMA bias was different for the eastbound and westbound mix designs.  For the 
eastbound mix design, the VMA bias was found to be 2.26 percent while the VMA bias 
for the westbound mix design was determined to be 3.50 percent. 
 
GPR predictions and 32 laboratory measurements of percent VMA were performed.  
Table 3-15 and Figure 3-14 summarize the VMA measurements made.  Figure 3-15 
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shows the difference distribution of the percent VMA measurements. As with percent 
binder and theoretical maximum density, an apparent trend to underestimate VMA as the 
laboratory VMA increases is noted.  Table 3-16 summarizes the GPR measurements for 
VMA with and without the bias removed.   
 
Individual laboratory and GPR volumetric measurements can be found in Appendix C.          
 

Table 3-15.   Percent VMA measurement summary. 

Percent VMA Laboratory With bias With bias removed 
Mean 17.30 19.75 17.22 
Max 18.92 22.22 19.95 
Min 15.69 15.78 13.51 
Standard Deviation 0.939 1.509 1.280 
 
 
 

Interstate 10
Baker County, Florida

12.00

13.00

14.00

15.00

16.00

17.00

18.00

19.00

20.00

21.00

22.00

1-
1-

2
1-

1-
3
1-

1-
4
1-

1-
5
1-

2-
1
1-

2-
2
1-

2-
3
1-

2-
4
1-

2-
5
1-

4-
2
1-

4-
3
1-

4-
4
1-

4-
5
2-

1-
1
2-

1-
2
2-

1-
3
2-

2-
4
2-

2-
5
2-

3-
1
2-

3-
2
2-

3-
3
2-

3-
4
2-

3-
5
2-

4-
1
2-

4-
2

51
-3

-3

51
-3

-4

51
-3

-5

51
-4

-1

51
-4

-2

51
-4

-3

51
-4

-4

Core

P
er

ce
nt

 V
M

A

GPR +/- 90 percent precision (bias removed) Laboratory

Pass 1 Pass 2 Pass 3 Pass 4

 
Figure 3-14.  Percent VMA measurements. 
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Figure 3-15.  Difference distribution of percent VMA measurements. 

 
 

Table 3-16.  Percent VMA analysis summary. 

 With bias With bias removed 
Difference from laboratory, percent 

Mean difference 
distribution (Bias) 

2.45 -0.08 

Difference standard 
deviation 

±1.60 ±1.37 

Precision, percent 
90 percent precision limit 
(±1.645 x Std Dev) 

±2.63 ±2.26 

95 percent precision limit 
(±1.96 x Std Dev) 

±3.13 ±2.69 

Percent within 95 percent 
precision tolerance within 
this study 

NA 
(Significant bias) 

97 
(31 of 32) 
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4 CONCLUSIONS AND RECOMMENDATIONS 
Applied Research Associates, Inc. (ARA), at the request of Electronic Pavement 
Infrastructure, Inc. (EPIC), assessed the accuracy of an EPIC Ground Penetrating Radar 
(GPR) system that recently received major component upgrades.  The assessment 
included three of the four major services EPIC markets:  Pavement Thickness Analysis 
(PTA), Pavement Composition Analysis (PCA) and Pavement Voids Analysis (PVA).  
ARA evaluated the other major service, Relative Compaction Profile (RCP), in 2006.    
 
As part of the 2007 evaluation, ARA played the role as client and requested data from the 
EPIC project manager, Dr. Randall Brown.  Precision and bias estimates were made for 
all three techniques.  PVA measurements were also compared to previously reported 
accuracy.  Finally, error components of the PCA technique were determined.  Three 
pavements were evaluated including an old hot mix asphalt (HMA) pavement (Taxiway 
B), a new HMA pavement (I-10) and an old Portland cement concrete (PCC) pavement 
(Gator Aviation Ramp).  Table 4-1, Table 4-2 and Table 4-3 summarize the accuracy of 
pavement property predictions from the EPIC GPR system (also known as the Hyper 
Optics system). 
 
 

Table 4-1.  Pavement Thickness Analysis summary. 
 Taxiway B I-10 Combined HMA Gator Aviation 

Ramp 
Difference from measured core thickness, inches 

Mean difference 
distribution  
(Bias) 

0.0 -0.1 -0.1 -0.2 

Difference 
standard deviation ±0.34 ±0.18 ±0.27 ±0.33 

Precision, inches 
90 percent 
precision limit 
(±1.645 x Std Dev) 

±0.6 ±0.3 ±0.4 ±0.5 

95 percent 
precision limit 
(±1.96 x Std Dev) 

±0.7 ±0.4 ±0.5 ±0.6 

Reported accuracy, percent 
Percent within 
reported accuracy 
(HMA = 0.5 inch 
PCC = 1.0 inch) 

89 97 93 100 
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Table 4-2.  Pavement Voids Analysis summary. 

 
Automated PVA with 

default thickness 

Automated PVA with 
calibration core 

thickness 
Manual PVA 

Difference from measured void depth, inches 
Mean difference 
distribution (Bias) 

1.3 0.0 0.0 

Difference standard 
deviation ±1.45 ±0.22 ±0.32 

Precision, inches 
90 percent precision 
limit  
(±1.645 x Std Dev) 

±2.4 ±0.4 ±0.5 

95 percent precision 
limit 
(±1.96 x Std Dev) 

±2.8 ±0.4 ±0.6 

Reported accuracy, percent 
Percent within reported 
accuracy 
(0.5 inch) 

33 100 92 

 
 

Table 4-3.  Pavement Composition Analysis summary. 

 
Density 

(2 outliers 
removed) 

Percent asphalt 
binder  

(2 outliers 
removed) 

Percent air 
voids  

(2 outliers 
removed) 

Theoretical 
maximum 

density 
(bias removed) 

Percent VMA 
(bias removed) 

Difference from laboratory value 
Mean 
difference 
distribution 
(Bias) 

0.003 0.00 0.62 0.003 -0.08 

Difference 
standard 
deviation 

±0.026 ±0.18 ±1.18 ±0.011 ±1.37 

Precision 
90 percent 
precision 
tolerance 
(±1.645 x Std 
Dev) 

±0.042 ±0.30 ±1.94 ±0.018 ±2.26 

95 percent 
precision 
tolerance 
(±1.96 x Std 
Dev) 

±0.050 ±0.36 ±2.32 ±0.022 ±2.69 

Percent within 
95 percent 
precision 
tolerance   

88 91 84 97 97 
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Following are other conclusions and recommendations: 
 

Pavement Thickness Analysis 
·   PTA predictions were slightly better for new HMA as compared to old 

distressed HMA. 
·  PTA slightly under estimated HMA and PCC thickness for the pavements 

tested.  Historically, EPIC reports slight overestimating of pavement 
thickness during periods of sustained moisture.  

·  More than 93 percent of PTA measurements for the combined HMA were 
within 0.5 inch of core measurements and 100 percent of the predictions 
for PCC were within 1.0 inch of core measurements. 

 
Pavement Voids Analysis 
·  The cross-section for the Gator Aviation Ramp was the simplest possible 

for evaluating PVA (i.e., plain jointed concrete pavement with a granular 
base course). 

·  PVA predictions using the automated method and default thickness show 
no correlation to measured voids.  The estimated default thickness was 5 
inches greater than the measured thickness and the likely source of error. 

·  PVA predictions using the automated analysis and average core thickness 
were within 0.5 inch for 100 percent of the measurements.  Manual 
predictions were within 0.5 inch 92 percent of the time. 

·  PVA cannot be determined for pavement surface layers less than 5 inches 
thick.   

 
Pavement Composition Analysis 
·  Density predictions by GPR overestimated laboratory measurements by 

0.003. 
·  The GPR standard deviation for density estimation is ±0.026 and the 95 

percent precision range is ±0.050. 
·  The GPR measurements of density made in this study were within the 95 

percent precision range for 28 of 32 cores, or 88 percent. 
·  Overall, a bias was not found in percent asphalt binder predictions; 

however, there appears to be a potential trend in underestimating percent 
binder as laboratory measured percent binder increases. 

·  The GPR standard deviation for percent binder prediction is ±0.18 percent 
and the 95 percent precision range is ±0.36. 

·  The GPR measurements of percent asphalt binder made in this study were 
within the 95 percent precision range for 29 of 32 cores, or 91 percent. 

·  Percent air void predictions overestimated laboratory measurements by 
approximately 0.6 percent.   

·  The GPR standard deviation for percent air void estimation is ±1.18 
percent and the 95 percent precision range is ±2.32 percent. 
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·  The GPR measurements of percent air voids made in this study were 
within the 95 percent precision range for 27 of 32 cores, or 84 percent. 

·  A method to remove the bias from theoretical maximum density 
measurements was developed using the bias found in the percent air void 
measurements. 

·  GPR measurements of theoretical maximum density overestimated 
laboratory measurements by 0.003.  There appears to be a potential trend 
in underestimating theoretical maximum density as laboratory measured 
maximum density increases. 

·  The GPR standard deviation for theoretical maximum density 
measurement is ±0.011 percent and the 95 percent precision range is 
±0.022. 

·  The GPR measurements of theoretical maximum density made in this 
study were within the 95 percent precision range for 31 of 32 cores, or 97 
percent. 

·  The EPIC method of estimating VMA introduces a significant but 
expected bias in the calculation when compared to the method used by 
FDOT and most other highway agencies. 

·  A method to remove the predicted percent VMA bias was developed. 
·  The VMA bias is likely dependent on aggregate absorption of asphalt and 

should be calibrated for different mix types.  Additional calibration cores 
may be necessary for new projects. 

·  There appears to be a potential trend in underestimating percent VMA as 
laboratory measured VMA increases. 

·  The GPR standard deviation for percent VMA estimation ±1.37 percent 
and the 95 percent precision range is ±2.69. 

·  The GPR measurements of percent VMA made in this study were within 
the 95 percent precision range for 31 of 32 cores, or 97 percent. 

 
 

General 
·  When available, project information such as mix design targets, 

construction history and observed surface distresses should be collected.  
This information may play a helpful role in GPR data analysis. 

·  Accurately locating areas of interest along the roadway identified by GPR 
is often critical.  Alternative distance measuring techniques should be 
employed when applicable.  Electronic markers that represent known 
features such as bridge approaches or intersections should be marked 
within GPR data when they can be accurately utilized.  Side mounted 
lasers can also be used to trigger electronic markers when passing by cones 
with reflective tape placed along the shoulder within a project.   
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APPENDIX A. TAXIWAY B MEASUREMENTS 
 

Table A-1.  Summary of Taxiway B GPR and core data. 

Core  
Location 
relative to 
centerline 

Distance 
from Rwy 
11-29 hold 
short line, 

feet 

Antenna 
number 

Measured 
layer 1 

thickness, 
inches 

Measured 
layer 2 

thickness, 
inches 

Total 
measured 

core 
thickness, 

inches 

GPR 
estimated 

total 
thickness 

inches 

GPR 
estimated 

total 
average 

thickness, 
inches 

Calibration cores 
R1 - 4 East 678 2 2.1 0.9 3.2 3.20 3.20 
R2 - 1 East 651 2 1.7 0.8 2.9 2.91 2.91 
L1 - 4 West 658 2 1.9 0.9 3.4 3.40   3.40 

Data used in analysis 
R1 - 1 East 177 3 1.7 0.7 2.4 2.04 - 2.14 2.09 
R1 - 2 East 341 2 2.2 0.8 3.0 2.64 - 2.80 2.72 
R1 - 3 East 544 3 1.7 0.7 2.4 2.57 - 2.97 2.77 
R1 - 5 East 987 3 2.2 0.8 3.0 3.26 - 3.43 3.35 
R1 - 6 East 1214 3 2.1 0.9 2.9 3.25 - 3.55 3.40 
R1 - 7 East 1266 2 2.6 0.8 3.0 3.03 - 3.13 3.08 
R1 - 8 East 1414 2 2.2 0.8 3.5 3.57 - 3.68 3.63 
R1 – 9 East 1870 2 2.7 0.8 3.3 3.41 3.41 
R1 - 10 East 2002 4 2.6 0.7 3.0 2.70 - 3.42 3.06 
R1 - 11 East 2144 1 2.4 0.8 3.5 3.08 - 3.68 3.38 
R1 - 12 East 2523 1 2.0 0.7 3.4 3.05 - 3.47 3.26 
R2 – 2 East 1082 2/3 2.6 0.6 3.1 3.14 - 3.30 3.22 
R2 – 3 East 1182 1 2.2 0.7 2.7 1.68 - 1.90 1.79 
R2 – 4 East 1273 1/2 1.9 0.6 2.5 3.05 - 3.47 3.26 
R2 – 5 East 2179 2 1.5 0.7 3.4 3.40 3.40 
R2 – 6 East 2500 1/2 2.5 0.9 3.2 2.84 - 3.20 3.02 
R2 – 7 East 2550 1/2 2.5 0.9 3.0 2.85 - 3.13 2.99 
L1 – 1 West 100 1 2.8 0.8 2.5 2.06 - 2.17 2.12 
L1 – 2 West 239 1 2.0 0.7 2.2 1.97 - 2.11 2.04 
L1 – 3 West 520 3 2.0 0.8 3.4 2.89 - 3.08 2.99 
L1 – 5 West 660 1/2 2.2 0.9 3.4 3.45 - 3.57 3.51 
L1 – 6 West 812 3 2.3 1.0 3.6 3.61 - 3.84 3.73 
L1 – 7 West 1053 4 1.7 0.7 2.7 2.06 - 2.28 2.17 
L1 – 8 West 1260 1/2 2.2 0.8 2.8 2.91 - 3.12 3.02 
L1 – 9 West 1624 2 1.7 0.7 2.7 2.72 - 2.97 2.85 
L1 - 10 West 1945 2 2.1 0.9 3.4 3.42 3.42 
L1 - 11 West 2117 4 2.2 0.8 3.1 2.50 - 3.61 3.06 
L1 - 12 West 2278 2 2.1 0.9 3.2 3.65 - 3.72 3.69 
EPIC personnel processed the GPR data using proprietary software -- VoidDetection (Version 10.9, dated April 10, 2007) and EZPlot 
(Version 4.7, dated January 3, 2007). 
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APPENDIX B. GATOR AVIATION RAMP 
MEASUREMENTS 

 
Table B-1.  Summary of Gator Aviation Ramp GPR and core data. 

Core 

Distance 
from north 

end of 
ramp, feet 

Antenna 
number 

Measured 
thickness, 

inches 

Measured 
void, 
inches 

GPR 
estimated 
thickness, 

inches 

GPR 
estimated 
void using 

GPS, 
inches 

GPR 
estimated 
void using 
automated 
PVA and 
default 

thickness, 
inches 

GPR 
estimated 
void using 
automated 
PVA and 

calibration 
core 

thickness, 
inches 

Calibration core (excluded from PTA but included in PVA) 
5H 163 2 6.0 0.5 6.07 0.14-0.27 2.531 0.149 

Data used in analysis 
6M 33 2 6.3 0.0 5.81-6.08 0.13-0.80 2.845 0.307 
6E 230 2 6.4 0.2 5.64-6.09 0.57-1.20 2.778 0.271 
7K 87 2 4.6 0.3 4.80-5.35 0.13 0.289 0.253 
7F 210 3 6.0 0.2 5.61-6.03 0.14 2.418 0.283 
7E 240 2 6.0 0.4 6.00 0.20-0.40 0.000 0.257 
8F 208 3 6.0 0.3 6.20-6.56 0.14-0.36 2.846 0.181 

10N 16 2 6.5 0.2 5.94-6.18 0.00-0.50 2.669 0.133 
10L 64 3 6.4 0.1 5.49-6.05 0.14-0.33 0.000 0.300 
11G 195 3 5.6 0.6 5.17-5.65 0.14-0.27 0.000 0.145 
14B 185 3 6.9 0.0 6.28-6.61 0.14-0.27 2.499 0.137 
15I 7 2/3 5.2 0.5 5.23-5.48 0.00-0.30 0.000 0.351 

EPIC personnel processed the GPR data using proprietary software -- VoidDetection (Version 10.9, dated April 10, 2007) 
and EZPlot (Version 4.7, dated January 3, 2007). 
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APPENDIX C. INTERSTATE 10 MEASUREMENTS 
 

Table C-1.Measured distance (with DMI) summary of Interstate 10 GPR scans. 

Core Pass number Travel direction 
Distance from start 
of project (DMI), 

feet 
Antenna number 

1-1-1 C 1 Westbound 512.37 3 
1-1-2 1 Westbound 1229.19 2 
1-1-3 1 Westbound 1982.60 3 
1-1-4 1 Westbound 2630.01 4 
1-1-5 1 Westbound 2972.01 1 
1-2-1 1 Westbound 3345.56 3 
1-2-2 1 Westbound 3921.03 1 
1-2-3 1 Westbound 5053.05 1 
1-2-4 1 Westbound 5463.20 1-2 

1-2-5 V 1 Westbound 5978.09 2-3 
1-4-1 C 2 Westbound 512.37 3-4 
1-4-2 2 Westbound 1229.19 4 
1-4-3 2 Westbound 1982.60 4 
1-4-4 2 Westbound 2630.01 1-2 
1-4-5 2 Westbound 2972.01 1 
2-1-1 2 Westbound 3345.56 3 
2-1-2 2 Westbound 3921.03 3-4 

2-1-3 V 2 Westbound 5053.05 3-4 
2-2-3 C 3 Westbound 545.18 4 
2-2-4 3 Westbound 911.16 2-3 
2-2-5 3 Westbound 1559.83 1 
2-3-1 3 Westbound 1840.00 2-3 
2-3-2 3 Westbound 2757.47 1 
2-3-3 3 Westbound 3671.16 1-2 
2-3-4 3 Westbound 4034.61 4 
2-3-5 3 Westbound 4765.31 1 
2-4-1 3 Westbound 5691.62 4 

2-4-2 V 3 Westbound 5941.50 2 
51-3-2 C 4 Eastbound 338.22 1 
51-3-3 4 Eastbound 791.27 1-2 
51-3-4 4 Eastbound 1111.82 2 
51-3-5 4 Eastbound 1617.88 3 
51-4-1 4 Eastbound 2108.80 2-3 
51-4-2 4 Eastbound 2653.25 3 
51-4-3 4 Eastbound 3566.41 1 

51-4-4 V 4 Eastbound 3638.35 4 
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Table C-2.  I-10 measured core thickness and laboratory volumetric properties. 

Core Thickness, 
inch 

Gmb 

(AASHTO 
T166) 

Gmm 

(AASHTO 
T209) 

Gse 

(AASHTO 
T209) 

Pb 
(FM5-563/ 

Ignition 
method) 

VTM, 
% 

VMA, % 
(mix design 

Gsb) 

Effective 
VMA, %   

( Gse) 

VMA, %   
( offset) 

Calibration cores 
1-1-1  2.0 2.457 2.562 2.875 5.67 4.1 15.54 19.37 17.83 
1-4-1  2.0 2.444 2.572 2.855 5.60 5.0 15.92 19.20 17.64 
2-2-3  2.0 2.439 2.551 2.856 5.72 4.4 16.20 19.48 17.93 
51-3-2 2.0 2.337 2.521 2.730 5.71 7.3 16.63 19.28 16.18 

Data used in analysis 
Pass 1 

1-1-2 2.0 2.405 2.568 2.821 5.74 6.3 17.39 19.63 18.07 
1-1-3 1.9 2.391 2.562 2.792 5.60 6.7 17.74 19.14 17.55 
1-1-4 2.0 2.374 2.566 2.771 5.58 7.5 18.31 19.10 17.49 
1-1-5 1.8 2.400 2.574 2.770 5.19 6.8 17.08 17.86 16.22 
1-2-1 2.2 2.423 2.56 2.820 5.50 5.4 16.55 18.81 17.22 
1-2-2 2.0 2.380 2.569 2.769 5.47 7.4 18.01 18.75 17.14 
1-2-3 2.2 2.361 2.573 2.734 5.30 8.2 18.52 18.21 16.57 
1-2-4 2.0 2.362 2.58 2.737 5.31 8.4 18.49 18.28 16.64 
1-2-5  2.2 2.400 2.572 2.783 5.35 6.7 17.22 18.37 16.76 

Pass 2 
1-4-2 2.0 2.439 2.566 2.849 5.61 4.9 16.10 19.20 17.64 
1-4-3 2.0 2.425 2.566 2.823 5.49 5.5 16.48 18.80 17.22 
1-4-4 1.9 2.438 2.564 2.857 5.72 4.9 16.23 19.55 18.00 
1-4-5 1.9 2.434 2.575 2.791 4.97 5.5 15.71 17.13 15.50 
2-1-1 2.0 2.423 2.557 2.846 5.81 5.2 16.83 19.80 18.25 
2-1-2 2.1 2.419 2.565 2.813 5.46 5.7 16.66 18.70 17.11 
2-1-3 2.1 2.421 2.569 2.823 5.54 5.8 16.66 18.98 17.40 

Pass 3 
2-2-4 2.0 2.451 2.557 2.861 5.61 4.1 15.69 19.15 17.59 
2-2-5 1.9 2.37 2.553 2.779 5.77 7.2 18.61 19.65 18.06 
2-3-1 2.0 2.376 2.542 2.803 5.99 6.5 18.60 20.30 18.74 
2-3-2 2.1 2.4 2.545 2.827 5.94 5.7 17.73 20.16 18.60 
2-3-3 2.0 2.37 2.557 2.750 5.41 7.3 18.30 18.49 16.86 
2-3-4 2.0 2.362 2.544 2.772 5.81 7.2 18.92 19.73 18.14 
2-3-5 2.1 2.395 2.544 2.784 5.49 5.9 17.51 18.69 17.08 
2-4-1 2.1 2.404 2.549 2.840 6.02 5.7 17.66 20.44 18.90 
2-4-2 2.0 2.447 2.548 2.870 5.78 4.0 15.98 19.66 18.12 

Pass 4 
51-3-3 1.9 2.319 2.503 2.693 5.55 7.4 17.13 18.67 15.50 
51-3-4 2.0 2.347 2.511 2.737 5.68 6.5 16.24 19.13 16.03 
51-3-5 2.0 2.311 2.513 2.713 5.90 8.0 17.72 19.85 16.75 
51-4-1 1.9 2.331 2.519 2.691 5.31 7.5 16.49 17.98 14.78 
51-4-2 2.0 2.311 2.517 2.681 5.48 8.2 17.35 18.52 15.33 
51-4-3 1.9 2.28 2.518 2.653 5.58 9.5 18.55 18.85 15.63 
51-4-4 2.0 2.317 2.512 2.691 5.53 7.8 17.18 18.65 15.48 

Gmb = mixture bulk specific gravity 
Gmm = mixture maximum specific gravity 
Gse = aggregate effective specific gravity 
Pb = percent asphalt binder 
VTM = voids in total mix 
VMA = voids in mineral aggregate (calculated with JMF Gsb) 
Effective VMA = voids in mineral aggregate (calculated with JMF Gse) 
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Table C-3.  I-10 GPR estimated thickness and volumetric properties. 
Core Thickness, 

inches 
Total Unit 

Weight, pcf 
Pb, % Va, % Gmm (with bias) VMA (with 

bias), % 
Calibration cores 

1-1-1  1.96-2.00 152.44-153.45 5.55-5.64 4.31-5.08 2.570-2.573 17.45-17.93 
1-4-1  1.95-2.00 152.55-153.32 5.67-5.72 4.94-5.44 2.582-2.585 18.23-18.53 
2-2-3  1.82-2.00 150.96-151.92 5.85-5.91 5.21-5.85 2.552-2.570 18.76-19.21 
51-3-2 1.96-2.02 144.38-145.88 5.65-5.76 7.76-8.83 2.517-2.538 20.49-21.22 

Data used in analysis 
Pass 1 

1-1-2 1.93-2.02 150.64-151.63 5.40-5.48 5.68-6.42 2.577-2.579 18.30-18.79 
1-1-3 1.92-2.00 150.49-151.54 5.39-5.47 5.70-6.52 2.576-2.580 18.37-18.85 
1-1-4 2.25-2.31 156.86-158.31 6.14-6.47 0.06-1.60 2.543-2.552 15.46-16.09 
1-1-5 1.84-1.95 149.83-151.03 5.34-5.42 6.13-7.01 2.578-2.582 18.59-19.18 
1-2-1 2.28-2.33 151.04-152.00 5.43-5.52 5.39-6.12 2.575-2.578 18.12-18.59 
1-2-2 2.11-2.17 151.57-151.95 5.47-5.51 5.45-5.73 2.576-2.576 18.16-18.34 
1-2-3 2.12-2.23 146.38-148.61 5.12-5.26 7.87-9.38 2.585-2.589 19.77-20.87 
1-2-4 1.91-1.99 147.56-149.26 5.21-5.31 7.41-8.57 2.583-2.587 19.46-20.31 
1-2-5  2.34-2.37 151.19-151.82 5.43-5.50 5.54-6.07 2.576-2.578 18.23-18.55 

Pass 2 
1-4-2 1.92-1.97 151.97-152.73 5.61-5.68 5.30-5.86 2.585-2.587 18.45-18.80 
1-4-3 1.83-1.93 151.06-152.03 5.54-5.61 5.83-6.53 2.587-2.590 18.79-19.23 
1-4-4 1.54-1.68 154.25-154.52 5.83-5.87 3.88-4.13 2.577-2.579 17.62-17.75 
1-4-5 1.56-1.63 151.04-151.56 5.54-5.58 6.17-6.55 2.589-2.590 19.0-19.23 
2-1-1 2.04-2.17 151.49-151.97 5.57-5.62 5.82-6.22 2.587-2.588 18.78-19.03 
2-1-2 2.00-2.26 151.17-151.75 5.54-5.60 6.0-6.45 2.588-2.590 18.90-19.18 
2-1-3  2.04-2.14 149.79-150.13 5.45-5.47 7.18-7.44 2.593-2.593 19.66-19.86 

Pass 3 
2-2-4 1.83-1.94 151.98-152.46 5.91-5.95 4.79-5.20 2.558-2.577 18.53-18.76 
2-2-5 1.68-1.82 144.86-146.78 5.52-5.61 8.84-10.15 2.547-2.618 21.33-22.25 
2-3-1 1.78-1.83 150.21-150.83 5.80-5.84 5.97-6.42 2.560-2.583 19.30-19.61 
2-3-2 1.63-1.79 143.56-146.39 5.47-5.59 9.07-10.94 2.530-2.634 21.53-22.90 
2-3-3 1.60-1.78 147.13-149.20 5.61-5.74 7.12-8.80 2.593-2.622 20.10-21.35 
2-3-4 1.74-1.78 148.87-150.48 5.72-5.82 6.22-7.34 2.544-2.603 19.48-20.26 
2-3-5 1.99-2.27 144.27-146.74 5.5-5.6 8.84-10.42 2.536-2.625 21.37-22.48 
2-4-1 1.90-2.01 148.83-150.89 5.72-5.84 5.92-7.39 2.535-2.611 19.27-20.32 
2-4-2  1.88-1.94 150.88-152.65 5.84-5.97 4.60-5.93 2.535-2.601 18.38-19.28 

Pass 4 
51-3-3 1.83-1.87 143.56-144.32 5.60-5.65 8.88-9.44 2.538-2.540 21.25-21.64 
51-3-4 1.86-1.92 143.78-145.26 5.63-5.72 8.20-9.26 2.536-2.540 20.80-21.52 
51-3-5 1.82-1.93 143.20-143.89 5.58-5.62 9.20-9.72 2.540-2.541 21.47-21.81 
51-4-1 1.32-1.34 142.80-143.20 5.56-5.58 9.68-9.95 2.540-2.542 21.83-22.01 
51-4-2 1.67-1.73 143.39-144.77 5.59-5.68 8.57-9.53 2.538-2.541 21.03-21.70 
51-4-3 1.73-2.04 143.76-145.58 5.62-5.74 7.98-9.28 2.5352.540 20.63-21.52 
51-4-4 1.76-1.79 144.42-145.11 5.66-5.70 8.31-8.80 2.536-2.537 20.85-21.20 

EPIC personnel processed the GPR data using proprietary software -- VoidDetection (Version 10.9, dated April 10, 2007) and 
EZPlot (Version 4.7, dated January 3, 2007). 

 
 


