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ABSTRACT 

Throughout United States Department of Energy (DOE) sites are situations where storage tanks and pits 
are leaking or have the potential to leak contamination into the soil. Subsequent leaching from rain and 
groundwater flow disperses the contamination far from the original site and, in some cases, into aquifers 
which serve as a drinking water source. Fernald Environmental Restoration Management Corporation 
(FERMCO) at Fernald working with the DOE Office of Technology Development (OTD) and two 
subcontractors, is pursuing the goal of placing a barrier beneath the contamination to prevent this 
dispersion. 

The technology being developed is an in situ approach based on directional drilling and jet grouting 
techniques developed in the oil fields. The unique barrier techniques being developed depend on 
innovative tooling and special grouts to install a horizontal barrier underground without disturbing the 
contaminated soils above. 

The initial tool designs were tested in December 1992 and were encouraging enough that the DOE agreed 
to fund continued development. A second set of designs were tested in August 1994. The testing results 
were less than expected but did provide a number of lessons learned. This paper reports on the third set 
of tool designs and the results of testing these tools prior to the full demonstration project at Fernald. 

INTRODUCTION 

Contaminated soils and plumes exist throughout the DOE complex and other industrial and government 
sites. There are two general approaches to preventing migration of such contamination. One method 
excavates the soil and either treats it to remove the contamination or ships it to a licensed waste facility. 
The other method leaves the soil in place and prevents water leaching through the contaminated soil with 
the use of caps and vertical slurry walls. Barriers to contain horizontal movement of groundwater, such 
as slurry walls, are relatively well known from standard construction practices. Containment of vertical 
flow is currently limited to making use of natural barriers from existing geological formations. The 
horizontal barrier being developed under the DOE OTD will install a manmade impermeable barrier, in 
situ, underground without disturbing the soil contamination or waste above. 
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FERMCO teaming partner, Halliburton NUS Corporation (HNUS), initiated the development of such a 
barrier in December 1992. Their approach was to combine their oil field experience in high pressure 
grout injection with DOE/OTD demonstrated directional drilling methods. This experience allowed them 
to inject grout under high pressure, mix it with the in situ soils, and control the location of the resulting 
soil cement such that it would form a I'floor," in place, under ground. The initial (first generation 
tooling) results were promising and DOE OTD funded the continued development of this technology. 

The first set of tests under DOE funding took place in August 1994. For reasons to be discussed later, 
these tests were not successful, and significant time was spent evaluating the results and determining 
whether and how best to continue the project. It was agreed to continue the project but to redesign the 
tools to take advantage of the lessons learned from the tests. 

After redesign, the third generation of tools were again tested in February 1995 and continued through 
April 1995. These tests, using water in lieu of grout, were successful. There will be additional tests to 
verify that the tools will function with grout prior to the final demonstration at Fernald. 

TECHNOLOGY DETAILS 

The horizontal barrier construction process begins by placing two roughly parallel directionally drilled 
holes which curve down from the surface at one end of the area of concern, pass beneath the 
contaminated soil or plume, and return to the surface at the distant end2. The drill pipes left in the holes 
are attached in pairs via a draw bar to a winch or a dozer pulling mechanism at the exit side of the work. 
The barrier forming process works by pumping a grout slurry at very high pressure to jet nozzles in a 
specialized tool attached to the opposite (entry) end of the drill stems from the pulling mechanism. When 
the high pressure grout slurry is pumped to the jet nozzles it exits with great kinetic energy (high 
velocity). The escaping grout erodes the soil matrix and liquefies the soil, mixing homogeneously with 
it. Both the soil and grout determine the physical properties of the resulting soilcrete mixture. Portland 
cement, bentonite, pozzolans, and other materials are being used to modify grout properties and control 
material costs on this tooling demonstration project. 

technology in environmental remediation applications 
and funded a demonstration. FERMCO was the 
operating contractor selected to provide a site for the 
demonstration, establish an independent testing 
program, and coordinate the subcontractor efforts with 
the Fernald site personnel, the Ohio and United States 
environmental protection regulatory agencies, and the 
DOE. 

TESTING 

DOE OTD recognized the great potential value of the 

The heart of the new technology is the grout 
placement tool design. The specific designs used will be discussed under the various field test sections. 
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All tools use common support equipment to bring the grout to the tool and to move the tool through the 
ground. The equipment used includes dry grout bulk storage bins or tanks, efficient mixing systems, 
effective grout cleaning equipment (screens), high pressure pumps (up to 1Ok psi) and power systems to 
support the production equipment. All parts of this supporting equipment must deliver sufficient reliable 
capacity to ensure a steady flow of clean grout to the tooling. 

Original Test 

HNUS intended that the first tests demonstrate the feasibility of producing an in situ horizontal barrier 
using the above method3. Could the tool be moved through the ground using standard HNUS oil field 
equipment? Would the grout be installed in a homogeneous manner? Would the barrier be "thick enough" 
to give confidence in its ability to contain contamination? Could the tool follow the guide pipes? A "no" 
to any of these questions would have precluded further development of the concept. 

Two first generation tools, exploiting different aspects of jet grouting, were designed for the original test. 
One tool was designed to concentrate the maximum hydraulic horsepower available in the form of high 
pressure grout jet nozzles over a small soil area directly in front of the tool to facilitate cutting and 
liquefying the soil, and permitting free passage of the grout placement tool through the ground. Based 
on this criterion the tool designed was a rigid, straight bar 10 feet wide. Sixty-one grout jet nozzles were 
arranged on the bar along a single horizontal line, all pointing directly forward, in the direction of travel. 

The second tool was designed to improve the chances for forming thick, homogenous panels. Rather than 
configuring the jets to concentrate the available horsepower over a small area, the second tool was 
designed to distribute the available horsepower over a large area, thus placing and mixing grout with a 
greater volume of soil to form a thicker and more uniform barrier. The tool designed was a 10-foot 
wide, axially rotating bar with the same number (61) of jet nozzles as in the straight bar. Rotation was 
introduced as a means of applying the available horsepower over a much greater area by moving the jet 
nozzles over a cross cutting cylindrical pattern. The rotary motion for this first generation tool was 
provided by a conventional downhole hydraulic motor attached to the grout placement tool. 

Both of the first generation tools used in the feasibility test successfully constructed grout barrier panels 
of varying thickness and uniformity. The concept was feasible. The rigid straight bar, with its high 
concentration of hydraulic horsepower applied to a small soil surface area, formed a panel which varied 
in thickness and had non-uniform surfaces. The panel was formed at a rate of between 20-100 ff/min 
and varied from 1 to 6 inches thick. 

The rotating tool, with its lower ratio of applied hydraulic horsepower to soil surface area, formed a 
panel more slowly. However, the panel constructed was uniformly 12 inches thick and formed at a rate 
of 10 to 30 ft2/min. This approach was initially considered inefficient in grout usage and was thought 
to result in more spoils production during operation than was desired. 

The feasibility of the design was proved. DOE then agreed to fund continued development of the 
concept. 
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While the feasibility of the concept was proven, it was clear that 
additional improvements should be made. The rigid straight tool 
produced acceptable amounts of spoils but the panel formed from 
using the tool were too thin to meet the criteria for thicker, 
homogenous panels thought necessary to form a reliable barrier. As 
an additional factor, supplying significantly more horsepower to 
operate a wider (greater than 10 feet wide) tool, should that need 
arise, would be operationally difficult. While the simplicity of the 
tool was attractive, there were improvements in some aspects of 
performance that would be desirable. 

The quality of the panel formed by the rotating tool panel was 
acceptable. There were concerns regarding grout waste, due to the 
relatively large amounts of spoils produced, and the need for a 
downhole hydraulic motor. A hydraulic leak or break could result in 
contaminated soil under the barrier. New tools were designed to 
minimize the problems perceived with the initial tools. 

Test # 2 

Three improved second generation tools were prepared for the next test'. 

The modified, rigid, straight bar kept the concept of a rigid bar with forward focusing jet nozzles but 
oriented the jet nozzles to a cross cutting pattern which should create a thicker barrier. The tool used 
54 jet nozzles placed in pairs in two rows. The cutting power was reduced but the area of mixing was 
greatly increased. The bar was structurally reinforced. 

The mechanical head tool consisted of a steel box with 
a moveable jetting head which reciprocated across the 
front of the box. The movement of the head was 
generated by reciprocation of a steel rod inside one of 
the two pre-installed pipes used to pull the unit 
through the ground. The cutting head had 12 jet 
nozzles in two rows on each end. With the reduced 
quantity of jet nozzles (24 versus 61 in the rigid bar), 
cutting energy was expected to be maintained with 
less surface horsepower and lower total grout usage, 
thereby increasing the overall efficiency of the device. 
The expected downside of the tool was that it was 
much more complex to operate than the rigid bar because of the operating mechanisms required to 
produce the reciprocation motion of the cutting head. 
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The 10-foot-wide catenary "flex" tool consisted of two 
separate grouting blocks rigidly connected by a curved 
structural steel member. This assembly was 
connected to the pre-installed pipes by flexible metal 
spring strips which allowed forward pull on either 
pipe to reciprocate the grouting blocks radially around 
the face of the cut (while pulling the other pipe 
backwards). Each grouting block had jet nozzles in 
two rows of five each that produced a cross cutting 
pattern. Using only 20 jet nozzles to do the cutting 
was expected to improve the grout usage efficiency 
while also increasing the energy transfer at the point 
of grout iet contact. 

The surface equipment necessary to support these 
tools, while not task-specific, is important to the 
success of the test. HNUS used surplus existing 
equipment from their commercial work to support the 
testing. The performance of this surplus equipment 
was a primary cause for many stoppages and 
downtime. 

There were positives and negatives learned from 
testing these tools. The rigid bar tool traveled 
approximately 15 to 20 feet when the dozer pulling 
the tool began to slip and could no longer move the 
tool through the ground. The grout flow also began 
to drop, indicating plugged jet nozzles, and the system 
was shut down. The tool was removed from the 
ground and was found to be bowed up from 
horizontal. Approximately 25 to 30 percent-of the jet nozzles were plugged with kilndust. A second 
attempt was made after straightening the tool and reconfiguring the surface support equipment with a 
kilndust screen. The tool again traveled about the same distance with the same results. Upon 
examination, about 10 percent of the jet nozzles were plugged with debris from the grout mixing and 
pumping system. This drove home the need for a "clean" grout in all applications. 

The mechanical reciprocating head tool functioned well above ground. When the tool was pulled into 
the face of the soil, the jet block appeared to "bind" causing the cable that operated the block to stretch. 
Once the cable stretched, the jet block no longer completed a full stroke, leaving the head unable to cut 
a clear path for the tool to travel through the ground. No progress was made with this tool. 

, 
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The 10-foot-wide catenary flex tool was stroked by surface equipment-mounted hydraulic cylinders in the 
180 degree arc planned until it came in contact with the face of the soil. Once the tool came into full 
contact with the soil, the left cylinder was activated pulling the tool to the very left end of the 180 degree 
cutting arc. The right cylinder was then activated to pull the tool back around the 180 degree arc to the 
right end. Exerting its full 40,000 lbs of pressure, the right side cylinder was unable to move the tool 
from its extended position on the left side of the cut face. After several attempts, the system was shut 
down so that a dozer could attempt to pull the tool back up the berm. However, the rigid bars that 
connect the jet subs broke while the dozer was pulling. The tool was removed from the ground in pieces 
and the jet nozzles were checked and found to be clean. This test verified, however, that the surface 
support equipment could produce suitable quantities of clean grout with adequate preparation. 

REDIRECTION/RE-EVALUATION OF TOOLING GOALS 

The project team met to establish new objectives for tool performance and barrier characteristics in view 
of the results of the field tests. During the proof of concept test, there was no concern for the amount 
of spoils produced. The second round of designs included the minimization of spoils and reduction of 
grout waste as objectives. These objectives were revised in view of the poor performance of the tools 
designed under this criteria and the realization by the project team that the flow of grout through the 
barrier slab to the surface are necessary and acceptable at this stage of the technology. The goal for a 
barrier for the next attempt would be to put down a slab of soilcrete 9.5 feet f 2.5 inches. 

The project team examined each tool to identify possible modifications that could be made to enhance the 
tool’s ability to construct an acceptable grout barrier. Once a tool was identified to have at least a 
minimum chance of constructing a barrier to the thickness and uniformity criteria noted, it was carried 
forward to a second stage of examination where the pros and cons of each tool were evaluated to rank 
the tools by their probability of success. 

The results of this evaluation led to the conclusion that three tools should be further adapted. The 10- 
foot-wide flex tool would be enlarged to 30 feet to increase the bearing area of the tool against the cut 
face. All other tools from the second round of testing would be dropped, as the concept of reduced grout 
flow was unsuccessful, and the rotary concept from the initial round of tests would be reintroduced and 
enhanced by replacing the downhole hydraulic motor with a mechanical surface mounted drive. The 
surface equipment would remain otherwise the same, but would be refurbished, where needed, and well 
maintained to assure grout cleanliness and top quality operation. 

Three third generation tools were then built that met the new criteria: 

A mechanical rotating bar using high speed rotating forces to cut through the soil. The tool 
consists of a cutting bar which is equipped with large cutters with high pressure cement slurry 
jets installed in front of each cutter to improve mechanical cutting. 

A second rotating tool similar to the first mechanical rotating bar. Unlike the first rotating bar, 
it uses grout jet energy alone to cut through the soil. 
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The final tool constructed was the 30-foot-wide flex tool scale up with a larger bearing surface. 

Testing of each tool did not start with the use of grout immediately but took place in small steps. 

The tool was mechanically tested on the surface to assure functionality. 

The tool was tested underground with water only. When all the lessons learned from the water 
test are implemented, bentonite cement grout will be used and final testing will commence (and 
be completed successfully) prior to the mobilization for demonstration at Fernald. 

LATEST TESTING RESULTS FROM THIRD GENERATION TOOLING 

Testing the third generation tooling began in December 1994 with mechanical surface testing in the 
vendor shops and in HNUS shops at Duncan, Oklahoma4. The new rotary tools successfully completed 
their mechanical function tests in January 1995. The 30-foot-wide flex tool was finished in February 
1995. 

Underground testing with water began in February 
1995 using the mechanical rotating tool. The tool 
traveled about 25 feet into the overburden at a rate of 
4 ft/min. The test was considered a success even 
though there were mechanical problems with the new 
surface drive. The first problem occurred when a 
limit switch was frozen and did not send the necessary 
signals to the controller. The problem, once 
discovered, was easily resolved. The second problem 
happened during an extension of the two pull 
cylinders by the tractor. 

To understand the second problem, the pulling mechanism must first be described. The rotating bars 
have to be pulled forward smoothly and evenly. If the tool is not pulled smoothly the motor alternately 
races or tries to stall. If the tool is not pulled evenly it will "cock" under ground and the aboveground 
equipment will not be able to rotate it. pulling the tool directly with a bulldozer is unsteady and was not 
operationally successful. HNUS designed a hydraulic stroking mechanism to smoothly and evenly pull 
the tool through the ground. The mechanism consists of two hydraulic pistons. One piston on each pull 
rod is connected to each end of the tool. The pistons are intended to puI1 together, moving the tool 
through the ground, then to stop and relieve the tension while the bulldozer moves forward until the 
pistons have returned to their original starting position. The bulldozer stops and the pulling cycle repeats 
until the grouting tool completes a full pass. 

The control circuit was not initially designed to "level" the operation of the pistons. This allowed uneven 
movement and the bending of the pull tubes, resulting in the generation of heat in the drive. This heat 
buildup eventually caused the drive shaft to weaken and break when ''cocking" became excessive. A 
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series of more flexible, universal-type joints were designed for the later tests to alleviate this problem and 
the control circuit was modified to minimize differential rate pulls between the two pistons. 

The hydraulic jetting bar tool, which rotates at a 
slower rate than the mechanical tool (40 rpm versus 
200 rpm), moved through the soil at about 3 ftlmin. 
The same problems were detected with this tool as 
with the mechanical tool. Installing a more flexible 
universal joint as in the mechanical tool is expected to 
correct the problem. The test was terminated only 
when the aboveground support equipment tanks ran 
out of water. 

To test the larger 30-foot-wide flex tool, a circular 
work face was created inside a pit to facilitate the test 
by starting the tool with a maximum bearing face. A bulldozer stroked one side of the tool and a backhoe 
moved the other. The operation of the tool went smoothly although some minor problems were 
encountered; such as the breakage of a pulling tube, some pressure leaks during the job, a disconnected 
pressure line, and uneven operation of the tool in such a manner that the apex of the tool was not held 
on center. The pulling connections were re- 
engineered and plans were made to operate the next test with new procedures to facilitate maintaining the 
apex of the tool on center. 

Modifications were made to the hose connections. 

Modifications were completed and tests with water were started in April 1995. 

The first tool tested was the mechanical rotary tool. The connection between the drive and the tool 
needed to be redesigned with a more flexible joint. The approach used a wire rope laid up inside another 
wire rope, with the internal wire direction against the direction of rotation and an external wire lay up 
in the direction of rotation to prevent uncoiling of the internal wrap. When the tool was tested, this 
connection unwound in spite of the external lay up. The rotary tests were put on hold and a new 
universal joint was ordered with a single lay up in the direction of rotation. When received, the new joint 
was tested on the mechanical rotary. By this time some of the parts in the right angle gear drive were 
showing signs of wear. However, the test was successfully run and was only stopped when the 
overburden collapsed and the resulting increase in resistance caused the surface drive motor to stall. The 
"under power" aspect of this test showed that, although the tool was successfully moved through the 
ground, the rotational power needed was greater than initially expected. The power problem will be 
addressed by running the slurry pump off a different power source from the main power, leaving 
additional power for the high pressure pumps and gull pistons, 

The flex tool was again tested. The hose connections had been modified and the leaks fixed. The test 
started out successfully although it was again noted that the apex was not in the center of the pull. After 
traveling about 30 feet, the tool broke and the test was stopped. Examination showed that the steel band 
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was broken at almost all points of contact with the jet 
sub units. Evidently, the slurry hose had been 
holding the tool together for part of the test. 

It is now believed that, when the tool was not 
operated with the proper apex orientation, excessive 
stresses resulted on the tool at the points where failure 
occurred. Couple this with the fact that this was the 
same steel band used in the February 1995 tests and 
one can see how such stress-induced failures might 
occur. 

PATH FORWARD 

The flex tool requires a little more adaptation. A means must be found to relieve the stress causing tears 
in the band spring steel. This may mean using a "chain link" type connection, using a chain instead of 
a steel band or employing other means of keeping flexibility in the tool. After the modification is 
completed another test with water will be scheduled. If successful, the final test before the demonstration 
at Fernald will be to test the tool at HNUS with grout. 

The rotary tools are further along. However, additional tests with water would be wise to ensure that 
the power and power transmission problems noted above have been resolved. Some fine tuning to the 
control system should also be added. This includes position indicators for both pull cylinders, 
replacement of the directional valves for controlling flow to individual cylinders with proportional flow 
control valves, and installing a programmable logic controller to sense cylinder location and correct any 
offset via the proportional control valves. 

CONCLUSION 

The bulk of the developmental effort has been successfully accomplished. With more testing, the 
program will be ready for the demonstration phase at the Fernald Environmental Management Project 
and, finally, full commercial use. Future technical requirements which should be addressed include 
remote and non intrusive capability for verification of land containment system integrity, development 
of tooling and techniques to place barriers in more difficult soil conditions, and investigation of placement 
methods for a wider variety of grouting materials. 
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