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OBJECTIVES 

The main objective of UTD’s completed 
PRDA contract was to demonstrate the accuracy 
of the UTD Position Locator (POLO) system 
developed for penetrometer applications. The 
contract work was accomplished in three phases. 
Phase I involved sub-scale refinement of the 
POLO sub-systems which included the design and 
testing of individual components of POLO. The 
objectives of Phase I1 were to integrate a 
prototype POLO unit and demonstrate its accuracy 
through laboratory tracking experiments. Phase 
111 objectives included manufacturing and 
assembly of a full-scale POLO unit and 
demonstration of its accuracy under field 
conditions. 

The success criterion for the entire 
contract was to calculate the penetrometer tip 
position with 0.5 % accuracy or better with respect 
to distance traveled both in laboratory and field 
tests. This criterion was satisfied in Phase I1 
laboratory tests and in Phase I11 field tests at two 
different sites. With successful completion of the 
contract in September, 1994, UTD has embarked 
on a commercialization plan in order to make 
commercial POLO units available to DOE 
contractors and penetrometer users in a timely 
fashion. 

BACKGROUND INFORMATION 

Penetrometers have proven to be an 
effective means of delivery of environmental 
sensors to underground locations and sampling of 
contaminated soils. The current state-of-the art 
lets the user know the alignment or location of 
penetrometer delivered sensors with only broad 
approximations. To overcome this shortcoming a 

unique down-hol position location system named 
POLO (for Position Locator) was conceived and 
tested for proof of concept with internal funds at 
UTD (U.S. Patent #5,193,628. Foreign patents in 
process). POLO is applicable to small diameter 
probes, does not obstruct the center of the probe, 
is rugged, is unaffected by the presence of steel 
or magnetic material, and is capable of remote 
operation beneath underground tanks or building 
foundations. 

The POLO concept offered the opportunity 
to provide accurate location information for 
sampling which would directly enhance the 
Department of Energy’s Environmental 
Restoration and Waste Management Program. As 
a result, UTD was issued a Program Research and 
Development Announcement (PRDA) contract to 
support DOE Office of Technology Development 
objective. 

Phases I and I1 of the contract included 
design, testing, and integration of all components 
of the POLO device. Although the work was 
conducted in a laboratory environment, efforts 
were made to simulate field conditions in terms of 
the scale of components as well as the operating 
environment. The Phase I11 work moved the 
POLO system out of the laboratory and into the 
field and culminated in a successful demonstration 
at the Savannah River Site on July 20th, 1994. 

A description of the principles of operation 
of POLO and its sub-systems is presented in the 
following paragraphs. 

Principles of Operation 

POLO operation is based on measurement 
of bending strains along the POLO module and 
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relating them to the radius of curvature of the 
module as it is pushed into the ground. The 
strains are measured by gages mounted on the 
surface of the POLO module as shown in Figure 
1. The POLO tracking algorithm receives strain 
readings at the end of each shove and processes 
them, together with other data to determine the 
location of the nose of the instrumented section in 
its new position. The process is similar to 
navigation by dead reckoning. The resulting path 
is shown in Figure 2. 

c w  .on 

.Iy 

Figure 1. POLO Module Design 

1 

Figure 2. POLO tracking algorithm 

The operation described above can be 
applied to a series of short lengths of push, for 
example 1 meter, which corresponds to the length 
of a typical penetrometer rod section. The 
instrumented POLO module assumes the shape of 
the hole axis at each location as it is shoved 
forward. The starting or lag pipe axis azimuth 

and location vector for each new shove 
corresponds to the ending or lead properties of the 
previous shove. 

System Description 

The POLO system is comprised of three 
basic components: the POLO Module, which 
senses bends in the path taken by the 
penetrometer; the POLO Initializer, which 
provides survey reference data at the beginning of 
penetrometer insertions; and the POLO Data 
AcquisitiodProcessing component which allows 
for user interaction with the down-hole system, 
processing of the information and display of 
position location to the penetrometer operator. 
For the purposes of the PRDA contract, data 
acquisition was conducted by hardware 
connections to a switch and balance unit which 
was connected to an analogue to digital processor 
and portable computer for processing of POLO 
data. The first two POLO components are now 
discussed in further detail. 

System Description - Module. In a penetrometer 
system, the MODULE (strain gaged rod or pipe) 
must have several important capabilities: 

e It must maintain a uniform section 
modulus which approximates the stiffness 
of the penetrometer sections to insure that 
it will bend uniformly. 

e 

their circuits from the environment. 
It must protect the strain gages and 

e 

hostile environment. 
It must survive in what is often a 

e It must measure the strain at 
several points along its axis to verify that 
it is bending in a true circular 
configuration (or other well defined 
configuration). 
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e It must be hollow so that umbilicals 
from sampling cones being used with it 
can pass through its center. 

e The strain gages must be wired in 
a bridge circuit which will measure 
bending strain differences while remaining 
unaffected by axial or torsional loads and 
the gages must be temperature 
compensated. 

orthogonal clinometers attached to its upper 
surface. A level or transit is also attached to the 
upper surface of the platform. An orientation 
ring is used to measure the pipe centerline 
azimuth of the reference strain gage. 

The present module has a 1.75" OD and a 
1" ID and is instrumented with lag, mid and lead 
strain gage stations, each of which employs 8 
strain gages. 

Note that the module is unaffected by 
nearby magnetic fields or the presence of 
magnetic or massive materials which might affect 
magnetic - or gravitational-based instruments. 

diameter sizes, always with an axial hole available 
for umbilicals, fluid flows, or other requirements. 
In these respects, it is unique among 
instrumentation for position location known to us 

Also, it is capable of use in both small and large mi C 

Figure 3. Initializer Measurements 

at this time. 

System Description - Initializer . The initializer 
is designed to provide basic information about the 
initial Iocation and orientation of the module as 
the penetrometer enters the ground. The needed 
information is shown on Figure 3. It includes the 
elevation angle, the azimuth angle of the direction 
of advance, and the POLO module rotation angle 
(azimuth about the pipe centerline). In addition, 
the geodetic coordinates of the point of 
penetration into the ground must be established 
and the initializer is designed to assist in doing 
that. a 

puTFoI(y 

- 
As depicted in Figure 4, the prototype 

initializer consists of a frame which can be 
attached to the module using two "V" clamps. It 
is equipped with a rotatable platform having two 

Figure 4. Initializer Components 
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PROJECT DESCRIPTION 

Phase I of the contract started in August 
1992 and was completed in April 1993. Five 
major tasks were conducted to refine the POLO 
system. They included POLO module 
development, signal conditioning, computation, 
POLO calibration, and initializer development. 
The module development task developed the 
primary measurement device that travels at the 
head of a penetrometer. The signal conditioning 
and computations tasks transformed electronic 
signals into useful positioning information. The 
calibration task evaluated the performance of the 
device in a controlled environment and the 
initializer task developed the initializer that is 
used to measure the initial angles of the POLO 
with respect to a known reference frame. 

Phase I1 work started in May 1993 and 
ended in January 1994. Three main tasks were 
conducted in this phase which was geared toward 
integration of the POLO system and laboratory 
tracking experiments. The tasks included 
computing, test plans, and sub-scale integrated 
laboratory system testing. The computing task 
integrated and enhanced the POLO tracking 
algorithms into a modular and user friendly 
format. A graphics interface was added to 
facilitate a clear understanding of the path being' 
traveled. The test plans and laboratory testing 
tasks included the planning and conducting of a 
series of laboratory tests where the POLO system 
was pushed inside a known path laid down on our 
laboratory floor. 

Phase I11 of the contract started in January 
1994 and was completed in September 1994. 
Three major tasks were conducted in this phase. 
They included manufacturing the full-scale POLO 
system, equipment integration and field 
demonstration. The full-scale POLO modules 
manufactured and assembled in this phase were 
made of stainless steel. A rod pusher was used 
for the field tests to provide nearly horizontal 

pushes of the POLO and penetrometer rods. 
Horizontal pushes were required so the location of 
the POLO Module could be independently 
established. With near horizontal thrust the 
penetrometer tip would emerge from the ground 
and it was possible to use standard surveying 
techniques to locate the position of the tip. The 
surveyed position would then be compared with 
POLO predictions in order to determine the 
accuracy of POLO. 

The field tests in Phase I11 were carried 
out in two stages. The first stage was conducted 
for two weeks in June of 1994 in test areas 
located near the UTD home office in Northern 
Virginia, The purpose of this initial field test was 
to debug and refine individual components and the 
integrated POLO system. The second stage of 
field testing took place for two weeks in July of 
1994 at an uncontaminated location on the 
Savannah River Site in Aiken, South Carolina. 
Mr. Joseph Rossabi of Westinghouse Savannah 
River Company provided site access, safety 
training and a survey crew for independent 
verification of field demonstration test results. 
Figure 5 shows the public demonstration test in 
progress. This demonstration was made to an 
audience of fifteen people from government and 
industry. 

R.ESULTS 

Difficulties were encountered in most of 
the field tests performed using the near horizontal 
rod pusher. Typically the penetrometer tip would 
encounter cobbles or roots embedded in the clay, 
and would become dead-ended within 10 to 25 
feet. Runs of up to 46 feet were completed, but 
with some difficulty. These difficulties were soil- 
connected, and had no relationship to the 
performance of the POLO system. Where results 
were obtained, POLO was found to predict the 
x,y, and z coordinates of the point of emergence 
to within the desired accuracy. 
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Figure 5. POLO Public Demonstration 

The ranges of coordinates obtained, and 
the overall accuracies achieved for a group of 
representative tests in Virginia and South Carolina 
are given in Tables I and I1 respectively. Three 
out of four tests in Virginia had errors of 0.25% 
or less. In the fourth run, the error was brought 
down to 0.48% after accounting for errors in 
surveying which from independent check were 
estimated to be +/- 0.5 inches to +/- 1.0 inches. 
Three out of four tests in South Carolina had 
errors in the 0.45% range. The error for the 
demonstration test was 0.36%. 

FUTURE WORK 

At the conclusion of the DOE PRDA 
contract in September 94, POLO related work 
continued and is on-going along two fronts at 
present. This includes a DOE sponsored ROA 
contract for development of a steerable and 
distance enhanced penetrometer delivery system, 
and Internal Research & Development (IR&D) 
work for commercialization of POLO. 

Detailed information regarding the DOE 
contract for steerable penetrometers is provided in 
the poster session and an accompanying paper in 
the proceedings for this conference. Regarding 
the POLO commercialization effort, five 
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Table I. 

Test No. Total Distance Survey Coordinates System Error 

--- inches X Y z % 

1 276 -11.9" 272.0" -33.8" 0.22 

2 552 -85.7 529.3 -98.5 0.25 

3 413 -43.9 401.3 -72.6 0.13 

4 394 -20.3 386.5 -66.3 0.48") 

(''Survey coordinates are estimated to have errors of f 0.5 inches to f 1.0 inches based on an 
independent check. 

Table 11. 

11 Test No. I Total Distance I Survey Coordinates I SystemGor 

--- inches X Y Z % 

1 589.0 3.4" 588.0" 1.2" 0.45 
est 

2 616.2 33.9 608.4 -5.6 0.46 

3 557.6 -39.3 553.2 -18.6 0.48 

4 413.7 5.7 412.9 -23.7 0.36") 

--- inches X Y Z % 

1 589.0 3.4" 588.0" 1.2" 0.45 
est 

2 616.2 33.9 608.4 -5.6 0.46 

3 557.6 -39.3 553.2 -18.6 0.48 

4 413.7 5.7 412.9 -23.7 0.36") 

(''Based on SRC survey data. 

individual markets for POLO have been identified 
including the penetrometer industry, utility 
contractor directional drilling industry, mining 
exploration borehole mapping, oil and gas 
directional drilling, and micro-tunneling . POLO 
development to date has focused on meeting the 
needs of the penetrometer industry. The focus on 
the penetrometer industry has been based on two 
considerations. First, there are many 
penetrometer environmental applications which 

require POLO-like technology, but no known 
technologies other than POLO that can 
successfully provide the required capabilities. 
Second, the penetrometer environment is the 
obvious first step for POLO development since of 
all the markets available, it presents the fewest 
complications. 

The successful PRDA contract in which 
UTD developed and demonstrated the POLO for 
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use in penetrometers reinforces our commitment 
to the penetrometer market. UTD has initiated a 
dedicated market survey to assess the demand for 
POLOs within the industry and identify the 
ultimate customers who will specify the 
requirement for POLO surveys during 
penetrometer site characterizations. Discussions 
with three major manufacturers of penetrometers 
are ongoing to ensure that POLO will be 
compatible with their systems and to identify 
opportunities for collaboration in the marketing 
and distribution of POLO within the industry. 
Furthermore, UTD is meeting with the "buyers" 
of penetrometer services within the various DOE 
labs who have requirements for penetrometer site 
characterizations to inform them of the extended 
capability now available to penetrometers through 
the use of POLO. Parallel to these efforts UTD 
is privately financing the development of a down- 
hole data acquisition ' board which will 
significantly simplify and automate the process of 
taking POLO module readings. UTD is also 
establishing the required network of suppliers of 
materials for the POLO System. For every 
component of POLO manufacture UTD is 
identifying at least two suppliers to ensure 
redundancy and thus an ability to respond to the 
market demand. In some cases potential suppliers 
of POLO materials are being solicited to provide 
samples of their product, and testing of these 
products are ongoing to ensure the supplier will 
be able to meet our requirements. Finally, 
discussions are underway for integration of the 
POLO system into the DOE SCAPS truck which 
will provide the necessary platform for 
demonstration of the user friendliness and overall 
usefulness of the system in site characterization. 

equipment rigs, and jobs involve both the 
installation of cables and pipelines, and 
environmental issues, all with a need for a non- 
depth dependent, non-magnetically influenced 
position location tool such as POLO. UTD is 
holding discussions with two major manufacturers 
of this type of equipment to ensure that our vision 
for POLO withiin these markets is valid, and to 
explore whether there is any opportunity for 
collaboration. To date, the manufacturers are not 
interested in investing in POLO development for 
their markets mainly on the basis that they are 
most often in the business of investing only in 
internally developed products. With the hurdle of 
identifying funding for POLO development for 
this market segment, UTD is still in the process 
of identifying the size of this market and the best 
means of -entry. One option is through DOE'S 
interest in directional drilling for remediation 
purposes adjacent to structures containing steel 
members, such as steel storage tanks. 
Discussions of these applications are being carried 
out with Pacific National Laboratories, Battelle 
and Westinghouse at the Hanford site. 

The penetrometer market is, however, 
believed not to represent the largest market 
available to the POLO System. The utility 
contractor directional drilling industry is active in 
many more arenas than the penetrometer industry. 
There are at least 20 times more directional 
drilling equipment rigs than penetrometer 
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