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RECENT HTOROFRACTURE OPERATIOHS AT OAK RIDGE RATIONAL LABORATORY
B. 0. Weeren, E. H. McDaniel, and L. C. Lusher
Oak Eidge National Laboratory
Post Office Box X
Oak Ridge, Til 37831

ABSTRACT
The hydrofracture proccsa i« currently being uacd at Oak Ridge Kational Laboratory (01NL) fox the
permanent diapoaal of locally generated radioactive vaate aolutiona and •lurries. I D this process, ton vast*
•olutioa or slurry is nixed wicb a blend of cement and oEher aolid additives; the resulting grout is then
injected into an impermeable shale formation at a deptb of 200 to 300 m (700 to 1000 ft). Tbe grout aeta • few
hours after completion of tba injection, fixing tbe 'radioactive vaate in tbe sbalc formation.
A new facility vaa built in 1980-1932 at a aite adjacent to tbe original facility. Between June 1932 and
January 1984, more tban eigbt million litera (2.2 million gal) of vaate containing over 750,000 Ci vere mixed
vitb a blend of JOlids and injected. Various operating problems vere experienced and solved.
INTRODUCTION
The bydrofracture process ia currently being
used at tbe Oak Ridge National Laboratory (OSUJL) for
the permanent diapoaal of locally generated
radioactive vaate solutions and slurries. A large
batch of vast* •olutioa or alurry it accumulated
prior to tbe injection. During tbe injection, Ibis
vaste solution ia continuously mixed vitb a blend of
cenent and other solid additivea; the resulting grout
is tben injected into an impermeable sbale formation
at * deptb of 200 to 300 m (700 to 1000 ft). During
tbe injection, tbe grout foras a thin, approximately
horizontal, grout sheet several hundred cetera (up to
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Fig. 1.

1000 ft) vide. Tbe grout seta a few hours after
completion of tbe injection and permanently fixes the
radioactive vaate in ttr_- sbale formation, which is
isolated from contact vith the surface environment.
Subaequent injections fora aheeta that are
approximately parallel to tbe preceeding aheets. A
sketch of the process is shown in Fig. 1.
The process vas developed during the period
1959-1965 and uaed operationally between
1966 and
1979 to dispose of nore tban 8 million liters (2
million gal) of vaate grout containing more than
600,000 Ci of radionuclides. A nev facility vas
built in 1980-1982 to sect more stringent current
ataodarda and to handle vaste slurries. Tbio
facility and the associated safety documentation vas
completed in the spring of 1982, and the firat
injection vas mad* in June 1282.
In the 13 injections that have since been made
at the nev facility, over 10 million liters (2.8
million gal) of vaate grout containing over 750,000
Ci of radionuclides have been injected. A summary of
these injections is given in Table I.

ORNL Kydrofracture Process.

TABLE I
Summary of Hydrofracture Injections

HASTr.

ILW-13
SI-I

SI-2
si-3
SI-4
St-5
XlV-23
SI-G

SI-7
Sl-B
SI-9
SI-10
ILV-21

June 1G-17, 1902
Aug. 1 0 - 1 5 , 1932
Sept. 2 3 - 2 4 . 1902
Oct. 29-29, 1902
Apr. D-10, 1931
liny 1 7 - 1 3 , 1901
June 11-15, 1903
J u t } 12-14, 1903
Ai'C. 9 - 1 0 , 190)
Oct. 25-20, 190)
Dec. 1-2, 1933
J a n . 25-27. 1934
Jim. 27-20, 153',

TOTAL

ACTIVITY HUE!rrcn ecu

cr.oirr

VOLVIIC

THU

coo,coo

COO,000

2

730,000

1,190,000

50_5jr

24 icn

S
710

13' C n .

_QTt£3—

155

17 .331

347

20,500

2,030

2J0

A'IO.COO

530,000

72
73

940,OCO

1,170,009

250

310

61,000

5.500
4 ,GOO
* ,ioo'

730,000

920,000

130

K

11.000

tsa

(00,000

620,000

65

76

7,200

410

1:1

420,000

390,000

14

J3

1.2G5

• 7 ,140

627

770,000

050,000

240

1,000

67,353

2 .730

930

C20.000

720,000

D4

220

21,030

1.505
14 .too

ISO
3,409

1G,,700
3,,G00

7G0

. '37.2CC

'

740,000

910,COO

357

2.9D0

217,400

721.(00

903,000

404

920

123,000

700,000

945,000

373

7G3

41,100

1,400
1,800

950

402,000

COG,COO

19

71

3,500

2,,100

310

8,473.000

10,074,000

2,125

7,454

644,505

02, 763

13.314

The waste injection operations at OHNL have been
performed under contract by the Halliburton Company,
with assistance and overall supervision by ORNL. For
each injection Halliburton supplies a standby
truck-mounted injection pump, engineering onsistance,
and an operating crew.
PSOCESS DESCRIPTION
Hydrofracture is essentially a large-scale batch
process. Each injection is, however a
semi-continuous operation designed to dispose of an
accumulation of about 600.000 to 800,000 L (130,000
to 200.000 gal) of waste solution or slurry. A flow
diagraa of the process is shown in Fig. 2.

•

Prior to the injection, the waoce solution or
slurry is accumulated in the waste storage tanks at
the injection cite. Also prior to the injection, the
dry solids are blended and stored in bins at the
injection facility. During the injection, the vaste
solution is pumped to the mixer, continuously nixed
vith the preblended solids, and then discharged into
the nixing tub. The nixing tub is sized to provide a
holdup of about 2 min — sufficient time to allow the
grout to deaerate. From the mixing tub, the grout is
picked up by the injection pump and is pumped down
the injection veil, out a slot cut in the bottom of
the injection well, and into the shale formation.
The injection pressure is about 20 MP2 (3000 p s i ) ;
the normal grout injection rate is about 1000 L/min
(2S0 gal/rain). The resulting grout dheet is
approximately 1 era (1/2 in) thick and up to 300 m
(1000 ft) wide. The orientation of the fracture
generally follows the bejding planes in the shale,
vhich are inclined about 10 to 15° to tha
horizontal.
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Sh'Tlc Fracture TuJRction >-'f Crootcl Waste.

An injection may be halted by malfunction or
failure of any of several instruments or pieces of
equipment. It is stopped, in say (.'vent, after about
10 hrs operation in order to tainiiaize operator
fatigue. For either circumstance, the well is
flushed with about 4000 L (1000 gal) of water so that
the slot at the bottom of the well will be free of
grout and can be reused for the continuation of the
injection. After repairs have been made, or the
following morning (if the shutdown was a scheduled
one), the well is pressurized to verify that the slot
is still open and the injection is then resumed. The
operation is continued in this fashion until the
supply of dry solids has been consumed. The well and
slot are then flushed a final time and the wellhead
valve is closed and the injected grout is allowed to
set.
Tlie next injections in the series can ba made
through the same slot in the well; the grout sheets
that are formed by this next injection are generally
parallel to the p.rout sheets of the precee-Jing
injection but may [>e tliRptocPd ttj> or down 0 few
Xert. FuIIowinf; n spri>?fl of several injections, Che
slot in the bottom of the veil is plugged with a

small volume of grout and a fresh slot is cut in the
casing of the well about 3 ra (10 ft) above the old
one. Another series of injections is then wade
through this new slot.
A few days after each injection, the approximate
orientation of the grout sheet is determined by
logging the network of observation veils that
surrounds the facility. (Thesa are cased wells that
extend to the bottom of the disposal formation.) A
gamma-sensitive probe lowered into these wells
detects the presence of the grout sheet and
establishes the depth of the grout sheet at that
point. A network of six to eight observation wells
is needed to verify the horizontal orientation of the
grout sheet.
The type of response obtained fron a series
of logs made in one observation well is shown in
Fig. 3.

Fig. 4.
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The hydrofracture facility was designed to
dispose of two different radioactive waste streams:
1)

A locally generated evaporator concentrate
solution. This solution is alkaline, about
1 to 2. in HaN03, and has a radionuclide
content (predominately *37c s ) o f up to about
0.3 Ci/L (1 Ci/gal). About 380,000 X. (100,000
gal) of this waste is generated annually.

2)

Resuspended sludge that was generated by
cleanout operations at old waste storage tanks.
The sludge particles were 100 turn or smaller in
diameter; their concentration was up to about 20
wt 7. in a 2-1/2% bentonite suspension. The
predominate radionuclide was 9"Sr. There was
nearly 8 million liters (2 million gallons) of
this sludge.

UMOO

Ganma Ray Logs of Observation Veil
Followig Three Injections.

The log made on Hny 25, 1965 shows the response
to the grout sheet that intercepted this well at an
elevation 12 m (40 ft) above the point of injection.
The log made on Oct 26, 1966 shows the response to
the grout sheet of the next injection - a response
that indicates the presence of several grout sheets
at an elevation of from 3 to 6 n (10 to 20 ft) above
the point of injection. The third log indicates that
the grout sheet from the next injection was slightly
above the grout sheet from the preceeding injection
and about 4.5 m (15 ft) above the point of injection.
Following some of the early injections, cores
were obtained of the grout sheets. Fig. 4 shows one
of these grout sheets embedded in Che shale matrix.

Different dry solids mixes were required for
these two waste streams; these mixes are listed in
Table II.
TABLE II
Composition of dry solids mixes for hydrofracture

Ingredient

Cement (Type 1)
Fly osh
Drilling clay
Pottery clay

Waste solution
mix (wt 2)

Resuspended sludge
mix (wt %)

38.5
38.5
15.4

46.0
46.0

7.7

8.0

They differ only in the deletion of the drilling
clay from the mix for the sludge injection. The
bentonite that is already in the sludge waste stream
serves a similar function.

The two mixes are similar but they are
incompatible, largely because of the high
HaNOjcontent of the waste solution. The
effectiveness of the drilling'clay euspender is
appreciably reduced in solutions with a high salt
concentration and a high concentration of suspender
icust be used with these solutions to compensate for
this effect. This concentration is too high for this
nix to be used with the resuspended sludge (which has
a low salt content); the viscosity of the resulting
gtout would be excessive.
The pottery clay in the solids mix is a cesium
fixer. It binds this isotope so effectively that the
measured leach rate from set grouts is approximately
the sane as from a borosilicate glass.
Two other materials are added to the waste
Btreara during an injection to modify the properties
of the injected grout.
1}

About 400 ppm of tributyl phosphate ib added to
improve the rate and completeness of deaeration
of ihe freshly mixed grout in the mix tub. The
injection pump knocks excessively if deaeration
is not nearly complete.

2)

Sufficient set retarder is added to the vaste
solution to give a concentration of 0.02 ut Z in
the grout. This concentration will delay final
set for at least 24 hours.

Successful completion of these injections
concluded the major part of the process development
program; following these injections, the facility was
modified for the future routine disposal of ORNL
waste solution. Routine injections began late in

1966.CU
To provide additional proof-of-principle, the
AEC sponsored an experimental program, carried out
jointly by ORNL and the US Geological Survey (USG5)
to test further the concept of radioactive waste
disposal by hydrofracturing. The locality chosen va
the Western Hew York Kuclear Fuel Service Center near
Vest Valley in Kew York. The major aim of thi*
program was to demonstrate the applicability of
disposal of radioactive waste in nearly horizontally
bedded shale through hydrofracturing at a. location
other than Oak Ridge.
From 1969 to 1971 inclusive, six hydraulic
fracturing injections - all using water except the
last one, which employed grout—were made at the West
Valley site. Host of the injections were tagged with
radioactive tracers. The conclusion based on data
obtained from these test injections was that bedding
plane fractures were formed by those injections in

this quite different shale

PROCESS DEVELOPMENT
The bydrofracture concept requires that the
fracture formed during an injection follow the
bedding planes in the shale—move horizontally, not
vertically. When the process was first conceived
(the late 1950s) it was not at all clear that the
desired fracture orientation could be achieved. For
this reason, much of the early development work on
the process was directed toward verifying that any
fractures generated in the fornations of interest at
Oak Ridge would be essentially horizontal. Three
test injections were nade in 1959 and 1960 to
establish that conformable (bedding plane) fractures
could be formed in the sbsle formations at Oak Ridge,
determine the feasibility of relatively large
["400,000 L (-100,000 gal)] injections, and
evaluate monitoring techniques.

OPERATIONAL EXPERIENCE - TEST FACILITY
From the time the test facility became an
operational facility in late 1966 until the end of
operations in 1979, a total of about 8.7 aillion 1
(2.3 million gal) of waste grout containing about
650,000 Ci of radionuclides was disposed of in 16
operational injections.^)
General experience with the hydrofracturing
facility in these 18 operating injections was quite
good. Largo volumes of waste solution were mixed
with dry eolids in the desired proportions and
injected into the isolated shale bed. The cleanup of
small waste spills was found to be feasible, as was
the direct maintenance of mechanical equipment.
Observed shortcomings in the process included:
1)
2)
3)

These test injections were quite successful; the
results provided strong evidence that fractures in
the bedded (hales at ORNL would follow the bedding
planes. Verification of the grout sheet orientation
by core drilling and logging was found to be
practical and unambiguous, but expensive. Tiltmeter
readings were difficult to interpret; determination
of surface uplift by high precision level
measurements vas s more useful technique.
The next step in the development program was the
construction of a disposal facility so that the
process could be evaluated during conditions
approximating those of an actual disposal operation.
An injection well and one observation well were
installed and a disposal facility was built. Several
mixes suitable for use with a variety of possible
waste solutions were developed and a series of
injections was planned to test the suitability of
these different mixes and evaluate the performance of
the disposal facility.

/

improper location of some equipment (witb
consequent difficulty of maintenance);
difficulty in ot>. lining a steady flow of solids
under all conditions; and
marginally effective control of solids-to-liquid
proportioning.

In four injections, the operating problems were
serious enough to force the termination or major
delay of the injection. In three of these injections
the problem nas a malfunction of the injection pump.
The termination of the fourth injection resulted from
an attempt to use blended solids that had been stored
for several months. The flowability of theBe solids
was poor, and the injection was quickly shut down.
By the mid 1970s, the facility was nearing the
limit of ito useful lifa. Although the facility had
been improved 6everal times during the period of
operation, extensive modifications to the surface
equipment would have been needed to satisfy the
requirements for continued use; this consideration
led to the decision to construct a new facility at a
new site rather than to modify ond retrofit the old
one.
An additional factor in this decision was the
imminent requirement to dispose of a large volume,
over four million liters (one million gallons). of

resuspended sludge that vould ',J generated by the
clconout of a group of waste storage tanks. This
sludge was expected to contain about one million
curies of 9 0 s r ; the handling of thin waste stream
vould require improved shielding and containment,
which would be much easier to incorporate in a new
facility than in codifications to an old one. The
chosen site for the new facility vas approximately
250 a (800 ft) south of the original facility. The
disposal zone is about (200 ft} deeper at this
location; otherwise, the geology of the two sites is
similar. A site proof test was made at the new site
to verify its suitability for waste disposal by
hydrofracture.(*)
OPERATIONAL EXPERIENCE - NEW FACILITY
Initial Inieetions
An environmental impact statement was written to
describe the hydrofracture operations at the new
site. This document included operation with either
waste solutions or resuspended sludge and concluded
that the overall impact would be beneficial.*-*' A
Safety Analyses Report, QA plans, operating
procedures and other necesaary documents were
written.
Construction on the new facility started in
November 1979 and was completed in February 1932.
pre-operational test was made in March 1982, and
regular operations were started in June 1982.

A

The first injection at the neu facility vas an
injection of concentrated waste solution (similar to
the solution injected at the test facility). About
600,000 L (160,000 gal) of this solution was disposed
of during two days of operation. The injection vent
exceedingly well. The flow of solida was Bmooth and
even throughout the injection, and the control of the
mix ratio vas, in consequence, very good. The
measured radiation levels outside the process cells
were very low; the levels inside the cells, after
washup had been completed, were also generally low.
Working time in the.veil cell, after the injection,
for instance, vas about " to 4 h. The highest total
exposure received wes 35 mrem.
The second injection vas one of resuspended
sludge. It vas the first experience on a large scale
with mixing this slurry with solids and pumping the
resulting grout. All previous operations had been
either on a small scale or with simulated sludge.
The injection vas difficult. It was characterized by
a few periods of relatively smooth operation, process
upsets at irregular intervals, and lengthy periods of
wash-up arid cleanup in preparation for the next
startup. The major difficulty was experienced with
the flow of eolids in the mix hopper. Periodically
(and roost particularly vhen the solids flow rate was
high) the solids vould bridge or partially bridge in
the hopper. When this occurred, the injection had to
be halted, the mix tub and the piping manifold
washed, and the hopper cleared. Each such pause
lasted several hours. A secondary difficulty arose
from the fact that grout containing bentonite tends
to gel unless kept in constant motion. The grouts
made with waste solution do not exhibit this property
to anything like the same degree. The consequence of
this grout property was that infrequently used lines
plugged and the mix tub (where agitation was quite
adequate for a waste solution grout) tended to
accumulate gelled grout in stagnant areas. This
gelled grout would not drain from the tub during a
filitttdov n; it had to be washed (with difficulty) from
the tjb during most of the shutdowns.

After four days of spasmodic operation (12
shutdowns) Btable operation was finally achieved at a
restricted solids flowrate and the injection was
completed.
Equipment modifications were made to the
facility prior to the start of the next injection to
correct the major problems experienced during tbe
proceeding injection—the frequent plugging of the
mixer hopper and the accumulation of gelled grout in
the mixing tub.
Observation of tbe mixing tub during the
preceeding iajection suggested that the screen in the
mixing tub was obstructing flow of Che grout and
creating dead spaces in the tub in which the grout
vould gel. The screen had been originally installed
in the tub to remove rocks, fragments of caked
cement, etc. from the grout, thereby preventing
possible damage to the valves of the injection punp.
The experience with gelled grout in the preceeding
injection had, however, shown the need for unimpeded
flow in the mixer tub, even at the price of possible
trouble with the injection pump. The screen was,
accordingly, removed from the tub.
The frequent plugging of the mixer hopper that
had occurred during SI-1 had not been previously
experienced in hydrofracture operations. One of the
major differences in the design of the mixer hopper
used at the new facility vas that in the hopper used
at the old facility the unobstructed distance of fall
of the dry solids was about 1/2 a (2 ft); at tbe new
facility, this distance was about 4 m (12 ft). It
vas postulated that for this distance of fall the
impact force of the dry solids against the wall of
the hopper could be great enough to result in some
dry packing of the solids at the point of impact.
This layer of packed solids vould build up with
continued operation until it bridged and plugged the
hopper. A conical flow disrupter was built and
installed in the mixer hopper so that the stream of
solids vould impact the cone and be diverted outward
againat the wall of the mixer hopper. The
arrangement is shown in Fig. 5.
01N1. P*B CI-P1M

3.

Revised mixer solids feed.

The next injection (SI-2, a sludge injection)
was not afflicted with all of the shutdowns that
plagued injection SI-1. The flow of solids was
smooth and even throughout the injection, and the
control of the nix ratio was, in consequence, very
good. Ho bridging was observed in the nix hopper.
Several shutdowns were experienced in the next
injection (SI-3, n sludge injection). At intprvals
during this injection, the injection pump vould

operate erratically because of small lumps oF cnked
cement or set grout that lodged in the check valves
of the pump and prevented proper seating. This
problem was to reoccur several times during the rest
of the injection series. The source of the lumps is
still not known and no way has been found to
alleviate the problem when they occur. Careful
cleaning of the dry solids equipment seems to help.

The cause of the leaks ia loss cleor. Ko such
leaks had developed during 25 injections at the tc3t
facility and the occurrence at the new facility was
entirely unanticipated. It was finally concluded
that any or all of several factors may have
contributed:
1)
2)

Plugging of Injection Well
3)
Prior to tha fifth injection in the series, the
then current operating procedures specified that the
existing slot in the injection veil be plugged with
grout and a new slot cut 3 m (10 ft} higher in the
veil. During the preparations for these operations,
the injection tubing was found to be stuck in the
injection veil. A D investigation of the situation
showed that the well configuration was as shown in
Fig. 6.

Hell Recovery
Recovery of the injection veil required several
sequential steps:
1)
2)

83-as<;<; a

3}
4)
5)

IT?"
o 1

t.1 I

improper makeup of the tubing string,
a lower quality joint design than was used in
the test facility, or
the considerable deviation of the injection well
at the new facility.

a wash-out operation to drill out the tubing
string to the bottom of the well,
a wash-over operation to drill the annulus
between the tubing string and the well casing
and to remove the free sections of tubing,
insertion of a new tubing string,
cementing of the new tubing string in the
injection veil, and
slotting the new tubing string at the selected
depth.

All of these operations were made DOre difficult
by the contamination and by the deviation of the
injection well. The washover operation in particular
required more time and was DOre difficult than
initially anticipated. Recovery of the well was,
however, completed in three months and the facility
was returned to operations.' 0 '
Subsequent Injections
During the succeeding ten months, seven
injections of sludge and two injections of waste
concentrate were made, virtually without incident.
The injection pump had some transmission problems,
the bulk solids system required some repairs,
instruments malfunctioned, and in one injection
cement chips stuck under the injection pump valves
(as in the thrid sludge injection). In general,
however, these injections were remarkably trouble
free.
ACHIEVEMENT

Fig. 6.

Well Configuration After Failure.

The logs of the observation wells that were made
after each injection showed that the grout sheets
vere at depths consistent with Che formation of
bedding plane fractures. Ho evidence of grout sheet
movement as far as the well network at the Old
Hydrofracture Facility was seen about 250 m (800 ft)
distant.

The injection tubing had parted and fallen 6 in
(20 ft). The upper part of the tubing string was
cemented to the casing with radioactive grout and the
bottom half of the tubing string was both plugged and
cemented to the casing by the grout plug that had
been pumped down the veil to seal the existing
fracture. In addition, the upper part of the tubing
string was found to be leaking at several points.

The uplift of the ground surface was measured by
surveying a network of benchmarks before and after
the last five injections. These data indicate an
uplift pattern similar to that obtained at the Old
Hydrofracture Facility with 3 maximum stirface uplift
centered on the injection well of about 0,7 cm per
million liters (1 in. per million gal) injected. The
data also indicate that some subsidence occurs
between injections.

The immediate cause of the failure of the tubing
string was leaks that had developed in the tubing
joints at some time during the previous injections.
During the injections, grout would have been pumped
through these leaks .ind would have enlarged them by
erosion until joint failure resulted.

The cost of the injection series averaged about
25 cents per liter (90 cents per gal) of waste
injected. This cost includes dry solids.
Hal 1iburton's fee for injection assistance, and
various maintenance and service charges. It does not

include capital coses, Che one-time cost of the well
recovery operation, or 6pecial uonitaring charges.
RECENT EVENTS
The injection series was conpleted in January
1984. Three monitoring wello were drilled the
following summer to verify the expected extent of the
grout sheets. These veils were located 300 m (1,000
ft) from the injection veils of both the old and the
new hydrofracture facilities. Unexpectedly, two of
these wells encountered contaminated water at a depth
of about 270 m (900 f t ) . The level of contamination
vas approximately on* millionth of that: injected and
the rate of flow was considerably less than 3 L/hr
(1 gol/hr). In neither well was a trace of a grout
sheet found. It is thought that this contaminated
water is probably a aixture of formation pore water
and incompletely incorporated water from the grout
sheet that was squeezed out ahead of the grout
sheets. Investigation of the situation is in
progress.
Since the completion of the latest injection
series, the hydrofracture process is becoming subject
to a bewildering array of regulatory oversight. Most
of the agencies involved seem to be unsure where
hydrofracture fits in the scheme of things and seem
inclined to lump us with deep well disposal, which we
really aren't. Clarification is needed, but comes
slowly. At the noment, the best status description
is "unclear."
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