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Since scan density is easy to achieeng aprofile line, but
Abstract Full-resolution ground penetrating rada (GPR) laborious fromprofile to profile Most surveys suffer from
imaging requires dense data collection to prevent aliasing during poor lateral resolution, Andree profiles must becollected6-
3D migratiqn. The resulting images of the.subsurfacg arewuch 19 times densethan typical 3D GPR surveyi takes 6 to 12
easier to interpret than 3D images typically obtained from times longer.Second, the data must be obtained with much

conventional 3D surveysAn investigation has beenundertaken .
to examine potential benefits of full -resolution GPR for utility ~9réater accuracy than is commonly acceptable for 3D GPR

surveying. An existing test pit with dimensions 12.1 x 12.1 m surveys.Scans from neighboring profiles must line up.
located at GSSI and containing buried utilities in three diferent comparison of two datasetdtained with a laser positioning
host media was usedor the study. Full-resolution GPR (0.05m  system and the traditionaometer wheel methodology in [3]
inline and crossline spacing) was obtained at two orthogonal  (eyeagd that therandom shifting of scans triggered biye

polarizations over the test pit using a 400 MHz centefrequency - : .
antenna. The data were processed usingvo orthogonal 2-D odometer wheel substantialisnpactthe resulting 3D image.

migrations instead of a true 3D migration. Nevertheless, all of the 1h€ data were obtained on grasseredground, so it is
linear targets were successfully imaged from both polarization likely that some wheel slippage and/or topographic variations
data. The reason for this is that the amplitude difference of the contributed to the scan shiftinghe final limitation of high
target reflection§ between polarizations was typically less than 6 resoltion GPR imaging is théime required for &ull 3D

dBﬂ and the noise floor was T“hCh lower than”alll theh target migration which typically requires higispeedparallel CPUs
reflections. In contrast, many of the targets parallel to the data 4 expensive seismic data processing packages

collection direction were not detected when thedata were .
decimated to 0.3mprofile line spacing. The full-resolution data Consequently, the methodology is currently not commonly

also provided a level of detail thatpotentially could beuseful for ~ used.
host media characterization andutility condition monitoring via However, in GPR technologicablvances continually break

comparison of timelapsed datasets. down traditional baiers impeding progressAnd so t is
Index Term® 2.5D Migration, Full-Resolution GPR, Ground anticipated thaeventuallythe benefits of fulkesolution GPR
Penetrating Radar, Multi-Polarization, Utility Condition imaging for many investigations will outweigh the codiis

Monitoring, Utility Detection. investigation was undertakeanticipating the more frequent
application of fullresolution GPR imaging to utility
I. INTRODUCTION surveying.

fiFull-resolutio ground penetrating radar (GPR) imaging An existing tespit with dimensions 12.1 x 121h located
requires dense data collection to prevent aliasing during 8DGSSI and containing buried utilities in three different host
migration. Since he resulting images of the subsurfaeeeal media provided the perfect setting for the stugig. 1 shows
contiguous information in every directiothey are easier to the test pit configuration.
interprd than 3D images typically obtained from conventional
3D surveysFull-resolution,may be defined as collent data
dense enough so that the size ofaxel (smallestcubical
volume element) is smaller than tNgquist spatial sampling
interval at the stpest diffraction in the datd]. For utility
surveys this usually means the angles of the hyperbola tails
from pipes. The voxel size, therefore depends on many
factors: velocity, depth and nois®revious full-resolution
GPR datahaveobtained clear imags of fractures in limestone
[1], stratigraphy in beach sand [2], tree roots [3], and building
foundations 8]. This paper presents utility data as
confirmation of the power of this method.
There areusuallythreereasonsthis techniqués not used
all the time First, the data collection part igborintensive
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North West directiorfor each dataset
The required data tlection accuracy was achieved using a
I standard odometer attached to a wheel rim that was
constrained by a channel formed by stripdf250.075m
PVC Targets wood screwed into two connected #6l-Joists. The data

Water filled collection setup is shown in Fig. 2.
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~ Fig. 2. Data collection over the test pit.
Clean 0 The data collection crew typically consisted of two
Sand individuals. One individual would move the data collection
cart following the groove by walking backward. The other
o individual would move the-Joist 0.05m after e&h line of
2 | data.Each profile took about 40 seconds to collect, but the
) 6| theoretical 2.6 hours adlly required about 4 for each
3186 e — survey. Since here was no discernable odometer wheel
12.1m slippage, the onlyneasureablénline offsets were associated

with slight and occasionalariations in start positionThe
Fig. 1. Test pit loceed at GSSI used for the investigati@rawingincludes ~ Cr0ssline accuracy wasnost affectecby the flexing of the-
all linear targets buriedt depths less than 1.5rBepths aralesign depths ~ Joist. Between profile lines, the endpoints of the two
Actual depthsnaydiffer. connected -joists were accurately positioned. The maximum
amount of flexing at the cemtef the Foist was estimated to
be less thaf.025m
Il. DATA COLLECTION A full dataset was obtained on August 25, 2008 with the
Full-resolution GPR was collected at two orthogonaintenna polarization perpendicular to the data collection
polarizations over the & pit using a 400 MHz center direction. A second dataset was obtained 11 days later with
frequency antenna. The data were obtained at an inline st antenna polarization zdlel to the data collection
spacing 0f0.0125m(decimated td.05min postprocessing) direction. No rainfall was recorded at two weather stations
The cross line spacing wad).05mto meet the minimum |ocated within 10 km of GSSI during the 11 day interval
sampling requirements for higlesolution imaging I]. This
minimum must be lesshan ¥4 the wavelength of the highest I1l.  DATA PROCESSING

antenna frequency and noise measured. In our case a—.cente,rhe data processingtepsconsistedof (1) resampling the
frequency 400 MHz antenna (650MHz high end) in g ofie jine data so as to prodecan equidimensional
dielectric of 16 prgduces eenter wavelength.of 0.6m. Oney 9540.05m grid interval, (2) application of d@ime-zero
fourth of the minimum wavelength (0.4m) is 0.Im. A oection and (3) a simplified consant velocity 2.5D
horizontal spacing ohalf the minimum requiremenwas rchnoff migration[4]. The Kircthoff migration was applied

chosen to account for any aliasing that might occur due gQ; along the profile fie direction, then in t orthogmal
noise.A total of 241 profile lines were obtainéd the East



direction. The 2.B migration was implemented for two
reasons: (1) was fast and easy tmplement and (2) most of
the targets were horizontal, linear, pipes oriented parallel or
perpendicular to the migration directioAlthough for this
scenariothe 2.5D migration adequately focdsthe scattered
energy from the targetdt is really only proper to use it for
constantvelocity media[5]

IV. DATA IMAGING

The processed data did not require interpolation prior to
displaying in 3D. This is important because interpolation is
commonly done for conventional 3D survayse tothe data
density disparity between the inline and crtise directions.

Thegridded data ere viewed in RADAN as depth slices |
of varying thickness. Prior to display, the average amplitude
of each depth slice was subtracted. '

A full-resolution 0.9m thick depth slice centered a
calcu_late_d0.69m dep_th containing datf.i .Obtair.]ed .With. theFig 4.Typical resolution dpth sliceof perpendicular polarization daed m
polarlzafuon . perpendicular to the profilené .dlrectlon. 1S thi.ck. centered atalculated).69m depth with a (x,y) grid interval of (0.05,
shown in Fig.3. All of the PVC and metal pipes buried at 0.30) m . The pit outline is indicated by the red lines.
depths less than 1.5m are clearly resolved in the data. A
strong reflection in the right central portion of the test pit is
associated with thesflection from the top of the clay. The correspondinfull-resolutiondepth slice from the data
obtained with the polarization parallel to the piofiine
directionis shown in Fig5. Fig. 3 provides a clearer image of
I! the PVC pipes because the polarization direction is
perpendicular to the axis of the PVC pipgentedparallel to
the profile line direction.

Fig. 3.Full-resolutiondepth slice of perpendicular polarization datan®.9
thick centered atalculated).69m depth. The pit outline is indicated by the
red lines.

The same da_tasgt used iI’IT:].FB., but deimated t00.3m Fig. 5.Full-resolutiondepth slice of parallel polarization data @.ghick
profile line spacing is shown in Fig. 4. Itis clear that all of centered atalculatecd.69m depth The pit outline is indicated by the red
the pipes perpendicular to the profile line direc are lines.
detected using the 18 spacing. However, almost all of the
pipes parallel to the profile line direction are notedtdble in  Thick depth slices, which are typically obtained by plotting
Fig. 4. This is why a 2D grid of data containing profile linesthe amplitude of thebrightest reflector over the specifié
in orthogonaldirections is sometimeinplementedto locate depth range at each scan locatiare useful for displaying
utilities. multiple targets at different depthdUnfortunately, this

method with thick slices runs the risk lo&ving noisewhich
may overwhelmweakertarget reflectionsas occurredwith
the missing 4 P pipereflections in the southeastcorner of
the test pit in Figure 5For this reason, it is particularly



important to analyze thin depth slices for the presence off§*
targets. Fig. 6 contains@01 m thick depth slicat parallel
polarization datat a calculated depth 697 m. The deepest
PVC pipe design depth waat 1.2m As the slicedbbecome
thinner, the pipes appear to split opem a A VThis s h
illusion is dueeitherto the dipping nature of the pipe as it is
sliced horizontally or a gralual change in medium
propagation velocity over the length of the pigight errors

in migration will make the lower ends of the pipe appear
broader. A good mukvelocity 3D migrationwould correct

for some of this error. The required velocity map cabe .
partially assembled using the velocities calculated along the
pipes. To do this accurately, a dense target field would be
needed.

Fig. 7.Full-resolutiondepth slice of perpendicular polarization data 0.01 m
thick centered at calculated 0.56 m depth. The pit outline is indicated by the
red lines.

Fig. 6.Full-resolutiondepth sliceof parallel polarization data.01m thick
centered atalculaed0.97m depth. The pit outline is indicated by the red
lines.A PVC pipe reflection is indicated by the arrow.

In Fig. 7 a 0.01 m thick slice of perpendicular polarization !
data at acalculateddepth of 057 m is shown.The level of
detail in Fig.7 is impressive. The change in image texture [
between the native soil and the pit fill material that is

outside the pit is generated by scattering from rocks in th
native soil. A crossection of thenative soil isshownin Fig.

8. Some layeringan be seen as well aBamerou€.050.07m  Fig g crosssection of native soil surrounding the test pit. NbE0-0.15m
diameter rocks scattered throughout the ceesgtion. One diameter rocKin yellow circle) about0.3min depth on right side of picture.
rock near the right side of the figuamd indicated by the red

circleis 0.10-0.15min length. . . .
Comparethe perpendicularly polarize®.01Im thick depth

slice in Fig. 7 with one created using a more typical
0.3x0.0%n grid intervalin Fig. 9. The pit outline is blurred
and the fine details of the scattering from the large aggregate
outside the pit are lost.



metal pipe dented 45 degrees relative to the profile line
direction.

There are very noticeable differences betwegs 3 and 5
and betweerFigs. 7 and 10 associated with the parallel and
perpendicular pipes buried in sand. Some amplitude and phase
difference wouldbe expected associated with the different
polarizations. But there are several reflection events apparent
in Fig. 10, for example such as the reflection from the tak
pipe in the bottom left coer, that areveakly present in Fig.

7.

Oneexplanation forthis would be a moisture difference in
the sand. The arrival time difference between the same targets
in the two different datasetacreased with depth and ranged
from 0.5 to over 2 nsSome repegterpendiculapolarization
profile lines obtainedhe sane day as the parallel polarization
data were compared to the perpendicular polarization data
- obtained11 days prior. The 0.5 2 ns arrival time difference

was also observed in these files obtained over the same pit
locations. A review of the weather reds indicates that the
Fig. 9. Typical resolution dpth sliceof perpendicular polarization da#e01  early portion of August was particularlyet, with two
m thick Ce“éeg%d atalculatedd. 56 m depthwith a (x,y) grid interval of (0.05, \yeather stations within 10 km of the test pit reporting 1.0 and
.30) m . The pit outline is indicated by the red lines. . . h
1.6 cm 9 days prior to collecting the August"2fataset. The
rainfall, coupled with known cracks in the pavemanthe pit

A 0.01m thick depth slice at B4 m depth obtained from boundariedue to set_tling, provide a compelling explanation
parallel polarized data at a 0.05x0.05 m grid interval is shof@i the presence andhfiltration of water through the sand
in Figure10. The slight difference in depth of the slices waduring collectioninterval
necessary to match the scattering pattern in the yellow box
with corresponding scattering pattern Fig.(particularly the
largedark spotopposite the orange cirgle

V. DISCUSSION

The fullresolution technique applied with the polarization
m direction parallel orperpendicular to the data collection
direction yielded images that permitted detection of all the
targets.Acquiring a 0.05m by 0.05m (x,y) grid, although time
consuming, meant that-line pipes could be resolved without
needing an extra pependicular 3D survey, making
acquisition times similar, and pegtocessing less
complicated.The 2.5D migration approximation also makes
post processing faster and less complicated than-Da 3
migration while still providing the resolution necessary to
differentiate tosely spaced utilities.
The fact that all of the targets were detectable with both
data collection polarizations was not surprising after a
comparison of the reflection amplitudes versus polarization
revealed a maximum difference of approximately 6 dB and
the minimum reflection amplitude was much greater than the
signal noise floor.For other more challenging scenarios in
conductive claysthe6 dB difference in amplitude associated
with polarization may becomsignificant.In such cases, the
Fig. 10.Full-resoltion depth sliceof parallgl pola}riz&}tiqn Qata 0.01thick oversampleddepth resolutiorthat was collectedinstead of
centered atalculatedd.54 m dep}ir:].e‘l;he pit outline is indicated by the red 0.05m) may beusefulboth to improve signal to noise and to
' give the greaterslice precision neededfor resolving faint
differences irthe data.
It is also observed from close comparison of Fignd Fig. ' ne increased data quality and density of-fafolution
10 that the grayscale gradations within the clay fill area ar@PR brings compelling benefits in several standard
nearly identical despite thiact that thedatawere obtained aPplications For example it would improve the ability to
with different polarizations. The small scatterer indicated KyStinguish pipes in crowded utility trenches. Time lapsed

the orange circles in the figures is associated with a dippfigseSsment of pipeondition can be made more accurate
since increased resolution makes tkubchanges in soil




