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1. Infroduction and Summary 

Early in 1958, D. A. Shock, Director of the Central Research Division of the Continental Oil 
Company (Conoco), Ponca City, Oklahoma, suggested to the AEC that hydraulic fracturing might 
be used in the disposal of radioactive wastes. * He was *€erred to the ORNL Health Physics 
Division’s; Radioactive Waste Disposal Section, and we were much interested in h i s  proposal. 
The idea that hydraulic fracturing might be used as aa aid in waste disposal had first been p r e  
posed at Continental Oil some years previously when 3. 3. Reynolds, then the director of the 
Division of Production Research, had suggested that the method be used to fecilitate disposal 
of oil refinery wastes at Ponca City and for oil-field brine disposal in tbt Gulf Coast. The first 
recorded use of hydraulic fracturing for waste disposal, however, is in a paper by J. J. Grebe of 
the Dow Chemical Company. 

“in 1930 we were pumping brine down t hough  the casing of a well for the purpose of dis- 
posing i t  in a pomus sand stratum. The €ace of the weH bore sil ted up. The flow decreased to 
a d e r  discouraging low value. Something had to be  dme.  Ross Sanford, who was in charge 
of aperation, did not hesitate to risk a pump for the  sake of an experiment. We piled sand bags 
aronnd it and raised the pressure from 1SO psi on up. Suddeniy at 720 psi the well took all we 

could pump. What is more, the pmssure gradually decreased as more and more pumping capacity 
was applied. 

“Beck-flow tests indicated that there was an exact balance a t  360 psi  at which a flow would 
go in or out of the formation with very little pressure change. Then we knew we had actually 
lifted the earth and cleaved the interface between the strata sufficiently to get any amount of 
fiIter area required to force the brine into the porous formation.” 

The proposal by Reynolds and Shock in 1958 was based on a differsnt use of the principle of 
hydraulic fracturing. Their suggesticln was to fracture a well-bedded impermeable rock, H e  

shale, and inject ixtto the fracture a mixture of radioactive waste and some materid,  such as 
portland cement or sodium-sensitive drilling mud, which would harden in the fracture and immo- 
bilize the waste. The fracturing, therefore, was to  be used to create the  space in a formation 
with virtuaiJy no natural porosity, rather than to produce “any amount of filter area required,” 

ID. A. Shock, “Engineerlng and Research Proposal for Location and Test of Radioactive Waste Dis-  

J. J. Grebe. “Tools and Aims of Research.” Chem. En& News 27. 2004-11 (1943). 2 
posal Site at Oak Ridge National Labmetmy,” mtmornndum dated May 8, 19.58. 

1 



2 

as in the example described by Grebe. The method proposed by Reynolds and Shock would pro- 

vide a very real measure of double,containment, one containment resulting from the solidification 
of the waste-cement mixture, which would rob the waste of the mobility characteristic of a fluid, 
and the second containment resulting from the very low permeability of the enclosing formation. 
Added to  the mechanical containment provided by solidification of the mix aad impermeability of 
the rock cover is the containment provided by the ion exchange capacity of the host rock, because 
rocks such a s  shale contain minerals with a high adsorptive capacity for virtually all the radio- 
nuclides in the waste. The mix also can be made to retain the radioactive materials either by 
adsorption or by incorporating them into the crystal structure of the newly formed solids. The 
most intriguing features of the Continental Oil proposal, however, were that, if the method could 
be made to  work, waste could be disposed of in depth by a plant located entirely on the land 
surface and that the thin solidified waste sheets,  with a high ratio of surface to volume, would 
dissipate the heat generated by radioactive decay relatively rapidly. 

The AEC invited Mr. Shock t o  present his proposal to the Advisory Committee for Disposal 
of Waste on Land of the  Earth Sciences Division of the National Academy of Sciences-National 
Research Council. One member of this committee was King Hubbcst, with whom J. J. Reynolds 
and H. F. Coffer of Continental Oil had had at least one previous 
is not apparent in the brief published comments of Reynolds and Coffer, two separate.but related 
questions were involved in their criticism of Hubbert’s paper. One concerned the relative pres- 
sures required to  extend a horizontal and a vertical fracture, a subject discussed at some length 
in Chap. 4, Water Injection Tests. The second concerned the possibility of determining whethet 
vertical fractures or horizontal fractures will be formed, by an appropriate choice of the method 
of well completion and of the Iiquid used for producing the fracture. The men of Continental Oil, 

Although it 

a s  we11 as others, believed that the method used can at  least  influence the type of fracture formed. 
Some of their statements, however, gave the impression that they beiieved they could absolutely 
control the type of fracture (verticd or horizontal) produced, without s g a r d  to the nature of the 
rock involved or the preexisting stress in the rock. When Shack presented his proposal to the 
Committee, they asked how it would be possible to prevent the formation of vertical fractures, 
which might well carry the waste up to or near the land surface, where it could contaminate shal- 
low ground water or surface water. Mr. Shock expressed confidence that the formation of vertical 
fractures could be prevented and stated that his company had a patent on a method for controlling 
fracture orientation. This did not convince the Committee, and they advised against proceeding 
with his  proposal. 

Although at  the time we did not understand all  the issues  involved, it appeared that a poten- 
tially promising method of waste disposal was being ruled out in no s m a l l  part because of dis- 
agreement among the several protagonists, each of whom was basing his position on somewhat 
different assumptions. It was therefore proposed to the AEC and to  the NAS-NRC Committee 

~ 

%. K. Hubbert and D. G. W W ,  “Mechanics of Hydraulic Fracturing,” Truns. A W  210, 1S3 (1957). 
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that we attempt a preliminary tes t  at Oak Ridge to dotermine empirically what type of fracture 

would form in the Conasauga shale. This  proposal met with the Commission’s and the Commit- 
tee’s approval; however, we were enjoined not t o  draw general conclusions €mm ouch an ad hoc 
approach or to m a k e  plans to  put substantial quantities of activity into the ground until we had 
finnly established where it would go and what would become of it. 

Fl RST f RACTURING EXPERIMEE(t 

The first fracturing experiment (Chap. 3) was undertaken in October 1959 to determine whether, 
at the shallow depth of 300 ft, vertical or horizontal fractures would form in the local shale  and 
also to “ tes t  the testing method.” The method consisted in drilling a well to the required depth, 
cementing in a casing, slotting the casing with a high-pressure water-sand jet, and then pumping 
down the well 27,000 gal of a mixture of water, cement, and diatomaceous earth tagged with 35 
curies of 13’Cs and 8.7 curies  of “*Ce. All t he  equipment and operations used were similar to 
those employed in the petroleum industry except for the use  of a radioactive tracer. 

Following the injection a 3-in. core drill was used to drill holes a t  various distances and 
directions from the injection well  in order to locate the grout sheet. In some cores the grout 
could be located by inspection, since the cement mixture  was lighter colored than the host rock. 
A portable gamma-sensitive survey instrunent was able to identify the grout shee t  in a few cores  
where it was not readily apparent to the eye. The  m o s t  successful method of locating the grout 
sheets, however, was to log the core hole with a gamma-sensitive probe. In no case did the 
response of the probe leave any doubt as to whether or not the hole being surveyed had pen+ 
trated the grout sheet. The gamma-ray logging could not tell us, however, how thick the grout 
sheet was; so it  was desirable to recover a rock core containing the grout. 

In this first  experiment, we found that “horizontal” fractures had been formed, or to be more 
accurate, the fractures were found to follow closely d u n g  the bedding planes of the shale. Ia 
geological terminology, such fractures are  sa id  to  be “conformable.” In much of the foilowing 

discussion, however, they are referred to as L‘hori~ontal ,” for this term is more generally under  
stood, although in fact most of the fractares dip 200 or so, following the bedding. 

At about th i s  same time, the Continental Oil Company was  making some field t e s t s  of hy- 
draulic fracturing in the Sacatosa field (Maverick County, Texas), not for the purposes of waste  
disposal but to convince the State regulatory authorities that by the use of fracturing they could 
drain ell recoverable oil from the  field with an even wider spacing of wells then the authority 
had recommended. ‘ For this they needed to identify the fracture in the tes t  wells that they 
drilled around the fractured well in various directions and at distances of up to 250 ft.  The test 

wells were cored through the critical interval a t  a depth of about 1330 ft, and the  fracture was 
identified in the cores, w a s  located by drill stem tests in the wells, and was detected in the 

*J. J. Reynolds, “Hydraulic Fracnve - Field Tests to Determine AreeL Extent and Orientation,” J. 
Petrol. Technol. 13, 371-76 (April 1961). 
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drill cuttings by identifying the sand  that had been injected into the fracture along with the frac- 
turing fluids. Although their methods were  adequate for their problem, the results clearly showed 
the superiority of a radioactive tracer for locating the fracture in areas where the u s e  of such 
tracers is possible. Apparently the t e s t s  made by Continental in Texas and our t e s t s  at Oak 

Ridge are the only Ones in which the extent and orientation of a deep hydraulic fracture have 
been clearly determined. 

SECOND FRACTURING EXPERIMENT 

Fullowing the successful completion of the first fracturing experiment, plans were made for 
a second experiment at depths of about 700 and lo00 ft (Chap. 3). To some extent, the selection 
of these depths was arbitrary. However, w e  felt that this  was deep enough to  provide sufficient 
rock cover for an actual disposal operation; also, this  depth could be reached by locally avail- 
able heavy-duty water-well drilling equipment, and a site at which suitable shale  could be reached 
at this depth interval was available adjacent to a 4-in. water l ine and an electric power line. 

Preparations for this experiment were somewhat more elaborate than for the first one. First, 
a Sin.  test well was drilled 30 ft from the proposed location of the injection wel l  and was cored 
all the way from the surface to a depth of 1050 ft. The core showed that the red shale member 
of the Conasauga accupied the depth interval between 700 and ZOO0 ft. A small-diameter pipe, 
with the bottom 150 ft drilled at  1-ft intervals with smal1 holes, was lowered to the bottom of the 
hole and cemented in from a depth of 892 ft up to the surface. In this  way the tes t  well could be 
used to measure the pressure in the first fracture, after the fracture had broken into the bottom 
uncemented section of the hole. 

Next, the main injection well was drilled, also to 1050 ft, and a Qin.-ID casing was cemented 
into the hole. 

Bench marks had been installed a t  the site of the first fracturing experiment and their relative 
elevations determined before and after the injection. The results showed that there had been a 
slight uplift of the surface, but it could not be measured precisely with the instruments then avail- 
able. Consequently, a network of 38 bench marks was installed a t  the site of the second experi- 
ment, and their relative elevations were determined with high-precision equipment prior to the 
first injection and after each of the two injections. 

The first injection of the second experiment was made September 3, 1960, at a depth of 934 f t ;  
it comprised 91,567 gal of grout containing 25 curies of 137Cs. The second injection, on Septem- 
ber 10, a t  a depth of 695 ft, comprised 132,700 gal of grout, also containing 25 curies of lJ7Cs. 
In the fall of 1960 and the spring of 1961, 24 core holes were drilled to determine the positions 
of the two grout sheets  by the techniques used in the first fracturing experiment. Both were 
found to be conformable to the bedding, although both sheets  had worked upward a little strati- 
graphically a s  they moved out from the injection well to the north and east. 
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FURTHER PREUMINARY INVESflGATIONS 

The results of these preliminary experiments convinced us that we should begin an investi- 
gation of the other problems that hod to k resolved before we could hope to dispose of real 
waste by hydraulic fracturing. 

One of the first problems was the choice of a site far the disposal plant. The site chosen 
was near the junction of White Oak Creek and Melton Branch, roughly midway between tbe sites 
of the first and second fracturing experiments. This  spot was selected for a number of reasons, 
one being that the red sha le  (Pumpkin Valley) member of the Conasauga shale was estimated to 
occupy the depth interval between 700 and 1000 ft ,  as it had a t  the site of the second fracturing 

experiment. It was felt that the red shale at that depth was well suited to a disposal vperation. 
in June of 1%1, the Joy Drilling Company was engaged to drill a core hole about 3000 ft deep 
near the proposed plant site. The  finished hole was 3263 ft deep and served two purposes. 
Fitst, we wanted to find out if the lower part of the Rome sandstone had s d i c i e n t  porosity so 
that filtered liquid waste cwld  be injected directly into it, without any cement, using fracturing 
to provide access foz the liquid, much as G n b e  did in the account quoted above. No rock with 
any appreciable pomsity wes found The second reason for drilling the deep hole was to explore 
the Chickamauga limestone, which underlies the Rome (Chap. 2). Surface exposures of this for- 
mation in Bethel Valley show two members of thin-bedded limestone that look as though they 

< 

would fracture easily along the bedding planes. These two members were penetrated by the test 
hole, the first from 1642 to 1847 ft and the second from 2648 to 2852 ft, and the cores from the 
materid in  depth looked at least as promising as the  surface exposures. 

In the spring of 1%l development work was started on waste-cement mixes that migbt be 
suitable for use k! disposal by hydraulic fracturing. The  Division of Production of the American 
Petroleum Institute arranged a meeting in Houston in April 1961, et which the problem was dis- 
cussed with representatives of the petroleum industry. Their experience wi th  the cementing of 
oil--11 casings, with ‘‘squeeze” cementing to shut off water or quicksand, and with drilling 
muds w a s  of considerable interest, but little of their information could be epplied directiy to our 

problem. Late in 1961 a contract was arranged with Westco Research, a subsidiary of the Western 
Company (Fort Worth, Texas). This and all subsequent work on mix development are described 
in Chap. 5,  

In December 1961 the results of the second fracturing experiment, the mix development work 
by W e s t c o ,  and the preliminary results from the Joy test well were discussed with the NAS-NRC 
Committee. The Committee agreed that the formation of conformable fractures had been demon- 

strated at Oak Ridge and gave guarded approval to push toward the possible eventual use of the 
method for actual w a s t e  disposal. 

In October 1961 the Advisory Committee of the Health Physics  Division suggested that the 
injection of significant quantities of actual waste into the sha les  within the Chickamauga for- 
mation at depths between 1642 and 2852 ft might be more suitable than injection into the shales 



above the Rome formation. However, a study of the expense of drilling wells to a depth of 3000 ft 
showed that mapping and monitoring of disposal operations at this  depth would be too costly, and, 
although the idea was and still is attractive, we decided against moving the next experiments to 
this deeper level and into an untested formation. 

In July 1963 the NASNRC Committee reported to W. G. Belter, Chief of the Environmental 
and Sanitary Engineering Branch of the AEC, that “there is considerable evidence that near- 
surface layered sedimentary rocks will fracture from induced hydraulic pressure preferentially 
parallel to  bedding planes, whereas in more deeply buried horizontal or moderately dipping strata,  
the induced fractures are usually vertical. W e  recommend, therefore, that the zone of disposal 
for a pilot-plant operation at Oak Ridge National Laboratory be limited to the red-shale member 
of the Conasauga shale overlying the Rome quartzite and that no further work on deep hydro- 
fracturing be done until after the results of the pilot-plant operations are ’known. ” 

The work on waste-cement mixes by Westco continued through 1962. By mid-1%2 several 

promising mixes had been developed, and arrangements were made with the Halliburton Company 
(Duncan, Oklahoma) to  tes t  the mixing and pumping charecteristics of one of these mixes. At 
the same t ime,  the Hallibucton Company WBS engaged to help with further development of suitable 
waste-cement mixes and with design of the surface plant and of the three original wells: the in- 
jection well, the observation well for gamma-ray logging, and the  shallow “rock cover monitoring” 
well. 

DESIGN AND CONSTRUCTION OF FRACTURING PLANT 

In one sense,  the design and construction of the wells and the surface plant were relatively 
simple because virtually all the equipment already existed and was being used in the petroleum 
industry. The problems in fact, however, were complex but fell into two general categories. The 
first concerned how much money to spend in order to get the best and safest  equipment possible. 
It was quickly discovered that some compromise was necessary. For example, a so-called “ex- 
treme line” casing was obtained for the injection well. This casing has  longer threads than ordi- 

nary casing, which makes it stronger, but it is also somewhat more expensive. However, we did 
not purchase a “blowout preventer,” a hydraulically operated guillotine valve sometimes in- 

stalled on the casing of an oil well just  below ground level to seal the well if high-pressure gas  
is encountered in drilling. Such a device might be of great value if the casing broke just below 
the wellhead while injecting waste. The cost  of the preventer and accessory equipment was more 
than could be justified. 

The second general question was what to  buy and what to rent; The plant in 1962 was still 
basically an experiment, and the work was funded on that basis. Such i t e m s  as the four bulk 
storage bins could have been rented, but the possible saving was small compared with purchase; 
so in most cases a calculated risk was taken that the results of the t e s t s  would be favorable, 
and the equipment was purchased. One exception w a s  the standby high-pressure pump which 
would be used to clear the injection we l l  in the event of failure of the main pump when the well 
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was filled with a waste-cement mix tu re .  This pump would need to handle only cement-water 
siurries, and w e  decided to rent a truck-mounted pump, which Hdliburton would bring with them 
when they came to operate the plant. 

"he waste  injections were to be made into the red shale  between depths of 1000 and 700 ft. 
Thm types of wells and the bench marks for measusentent of uplift were constructed, as shown 
in Fig. 1.1. The injection well was for the injection of waste, and the observation well, located 
150 f t  north of the injection well ,  was for the determination of the depth of the grout sheets. The 
rock cover well (200 f t  notth of the injection weU) was a prototype for more wells of this type 
that would be  constructed later. The injection well and the observation well were drilled to a 

depth of 1050 ft, cased, and cemented in for their entire length. All w a d e  injections were to be 
mede through slots cut in the casing and surrounding cement of the injection well. As the in- 
jections proceeded and the grout shee t s  spread out from the injection well, they could sometimes 
be expected to intersect the cemented casing of the observation well, and the gainma-sensitive 
pmbe lowered into the observation well would then detect the presence of the grout sheets ,  
thereby establishing the depth of the grout shcets at that point. 

The overlying gray calcareous shale, and in particular the shale between depths of 700 and( 
400 ft, would provide an essentially impermeable cover to the injection operations. However, 
this cover rock would be deformed progressively by the injections, and at some point, which is 

F i g .  1.1. Skoteh of Thrrr Typos of W d i s  Constructed at tho Fracturing Plant S i h .  
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diff icdt  to  predict, the  cover rock could fail and i t s  value as an impermeable cover be materially 
reduced, The so-called “rock cover monitoring” well was designed to give warning when this 
happened. This well was cased down to about SO0 ft, below which there is 100 ft  of open hole. 
After each injection an attempt would be made to pump water into the well at some standard pres- 
sum, say  75 psi. The rate at which the well takes  water would be noted, and if the rate in- 
creases, this would indicate that the shale adjacent to the open hole section of the well had be- 

come more permeable. 
Actual work at the plant site began in the spring of 1963. After the wells had been installed 

and while the rest of the plant was under construction, the four water-injection t e s t s  were made 
(Chap. 4); this was from June to  November 1%. 

ORNL-ow0 63-3030 

GRAY SHALT 

LWSTONE 4ED 

R€D SHALE 

Fig. 1.2. Isomotric Drawing of ORNL’r Hydraulic Fracturing Plant. Cutaway shows relative locations 
of the injection woll  and tho obaervotion w o l l  and two hypothotical grout sheets in placo. 
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The plant equipment consisted of a waste transfer pump and s p a n ,  four bins to store the cc- 

ment and other solid constituents of the mix, a jet mixer, a surge tank, a high-pressure i n j d o n  
pump, and assorted valving and special equpment. The mixer, surge tank, injection pump, and 

wellhead valving were installed in cells to reduce the radiation exposure of the owrators  and 

to limit the area that would become contaminated in the event of a leak. The cells were made 
of a 12-in. thickness of conmete block and were roofed with sheet metal .  Ail necessary controi 
operations were to be carried out from outside the cells during an injection. An artist’s overall 
view of the plant and the wells is shown in Fig. 1.2. Shown also are two hypothetical grout 
sheets  in the disposal formation. 

EXPERIMENTAL 1NJECTlONf 1 THROUGH 5 

The plant was finished early in 1964, and the  first five experimental injections were made 

in the period from February 13 to May 28. These injections, described in c2tap.J, served several 

purposes. First, they provided an opportunity to try out the plant and train the oputators while 
using “cold” mixes or mixes containing only smal l  quantities of activity. Second, they made it 
possible to test several types of milt under field conditions. These field tests provided infor- 
mation on the problems of actually mixing the  solids and the waste  in the desired proportions, 
and later, after samples of the grout had been recovered by deep coring, they made i t  possible 
to compare grout that had hardened under pressure with grout that had hardened without pressure 

in the laboratory. Third, the five injections made it possible to begin field t e s t s  of the proto- 
types of the  deep gamma-ray okenration wells and of the rock cover monitoring wells. Fourth, 
they made it passible to begin a study of the fracture pattern created at the plant site. 

general these  were easily corrected. 
The first five injections went very well. There were minor problems with the plant, but in 

A point of fundamental interest brought out during the five injections was the difficulty of 
proportimifig the mix in the plant so that it would moot the specifications established in the 
laboratory. When operating, the plant pumps liquid waste at a rate of up to 250 gpm and, with a 
mix of 6 W g a l ,  m u s t  feed the prebiendcd solids to the jet mixer at a rate of 1500 lb/rnin. To 
measure and accurately control these two feed lines is a fatmidable problem. In the oil fields 
the proportioning of cement to water is controlled by measuring the density of the mix, hut in 
our case, with a higher-density fluid and a lower proportion of solids, the density of the mix is 
a relatively insensitive indication of the proportion of solids to liquid. Another problem revealed 
by the results of the five injections was the difficulty of designing tes t  procedures for evaluating 
waste-cement mixes in the laboratory. In general, we sterted by relying on the criteria used to 
judge the cement grouts used in the petrdeum industry and the fluids used in the hydraulic frac- 
turing of oil wdls .  Rather early in this work, however, it was found that fluid loss additives 
(Chap. 4, Water Injection Tests), widely used in oil well fracturing, were not needed in this 
operation. 
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Despite these problems, we learned how to operate the plant, considerably improved the grout 
mixes, and successfully pumped substantial quantities of activity deep underground. 

The permeability of the open hole section of the rock cover test  well, which was atout 2 gph 
at 75 psi,  did not change appreciably during the course of the five injections. 

After injection 5 ,  four core wells were drilled to determine the location of the grout sheets,  
to obtain samples of the grout, and more clearly to define the geologic structure into which the 
grout sheets  were being injected. Two of the f o u r  holes encountered none of the grout sheets; 

one of these flowed back nonradioactive @ut salty) water, which came from injection 1 or 2 or 
from one of the fractures formed during the water injection tests. The other two wells, however, 
pierced all or most of the five grout sheets. The data f rom this coring and from gamma-ray log- 
ging were insufficient to  define the attitude or shape of the first five grout sheets,  but they ap- 
peared to be conformable. After the four core holes were completed, they were converted into 

gamma-ray observation wells to be logged after each subsequent injection. Three more rock 

cover tes t  wells were constructed northeast, northwest, and south of the injection well d e n  
the core drilling was done following injection 5 .  

EXPERlMENTAL LNJECTIONS 6 AND 7 

Injections 6 and 7, described in Chap. 8, were made in the period from M a y  19 to  August 16, 
l%S. While the first five injections had been made almost without incident, injection 6 was 
marked by three unexpected events which a t  the time caused considerable concern. A l l  three, 
as it developed, resulted from changes in procedure: a change from the Densometer to a m a s s  
flowmeter to aid in controlling the solids-to-liquid ratio in the mix and the substitution of fly ash 
for part of the portland cement  in the mix. 

Injection 6A (injection 6 was made in two parts) started off smoothly enough, but the jet  mixer 
plugged suddenly after only a few minutes, and contaminated dry solids and grout spilled out on 
the floor of the mixer cell. The injection was halted, and the cell, the jet mixer, and much of the  
associated equipment in the mixer cell were washed down with water. The contaminated wash 
water w a s  pumped down the well, a possibility which had not previously been considered, but 
which, when the need arose, greatly facilitated the cleanup. When the mixer hopper w a s  finally 
clean, it was discovered that it had been plugged by a plastic cone, a part of the mass flowmeter, 
which had broken free and fallen into it. Later, by the substitution of a stronger cane, this po- 
tential problem was eliminated. 

Some 19,000 gal of wash water was pumped into the slot at  880 ft, and consequently the in- 
jection well w a s  plugged back with cement and a new slot cut at 872 ft .  The injection w a s  re- 
sumed three days later. 

Again the operation went smoothly at  first,  but then trouble developed from plugging of the 
coarse screens in the air slides leading to the mixer hopper from the solids storage bins, and it 
was necessary to remove these screens. The lumps in the blended sol ids  had resulted because 
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sume of the fly ash was wet. The fly ash, a waste material at the steam plants, is allected by 
precipitators in the smoke stacks,  and little care is taken in storing it. 

Witb the removal of the screens, hard lumps reached the injection pump, and one of the valves 
was unable to close properly and was soon ended. This led to uneven operation of the pump and 
to much more vibration in the high-pressure piping than was present under normal conditions. 
After nearly 70,000 gal of waste mixture had been injected, the operation was halted while the 
pump was repaired. Shostly aiter the injection was restarted, however, one of the connections 
at the wellhead cracked as a result of the earlier vibrations and sprayed the wellhead cell with 
wsste-cement mixture. This  was also cleaned up with surprisingly Iittle difficulty, but since 
the well  was out of commission for the first part of th i s  remedial work, not all of the contaminated 
wash water could be pumped down the well. 

The cracked fitting on the weliherrd was later replaced with a stronger piace, and a new cone 
was installed in the flowmeter. On August 16, 1965, injection 7 was made, virtually w i t b u t  in- 
cident, into the slot at 872 ft; however, the mass flowmeter did not yet opetate as well  a s  had 
been hoped. 

In n t r o q e z t ,  the incidents which interrupted injection 6 were very valuable to the project. 
Contamination of the mixer cell end later of the wellhead cell represented a lmost  a “maximum 
credible accident,” at least with the  level of activity in the waste then being injected. Despite 
this we were able  to decontaminate the plant and the equipment and proceed witb the injection 
with comparatively little delay and with only negligible exposure to  the workmen. “he causes 
of the accidents were facto-, such as excessive vibration, which bad been recognized but wr- 
haps not fully appreciated, and in part were completely unexpected, such as the failure of the 
cone in the mass flowmeter. These accidents prompted us to study the plant and the methods 
of operating it with the hope of forestailing trouble and cautioned us of the need to field test any 
new piece of equipment or new operating procedure. 

Following injections 6 and 7 the six monitoring wells then available were logged, and the 
results, while not entirely satisfactory, stroagly suggested that these fractures, dso, had been 
conformable. Such g m m e r a y  logging provides immediate, dired evidence of the location of e%- 

sentially horizontal grout shee ts  and together with occasional core drilling forms one of the prin- 
cipal methods of monitoring the disposal operation. Vertical core holes and vertical cased 

gamma-ray logging wells, however, cannot provide proof that ver t icd  fractures have not formed, 
as these c o d d  come up between and pard le l  to the vertical wells. As we now understand the 

mechanics of fracturing in bedded rocks, a vertical fracture would not come up very far without 
forming new horizontal fractures at a shallower level, and these would be picked up by the log- 

ging (Chap. 101. 

appreciably. Meanwhile, an additional u s e  for the wells developed dutiag the course of injections 
6 and 7 which promises to be of more value than the  purpose for which they were originally in- 
stalled. These wells normally contain water almost up to the land surface. When these injec- 

The permeability of the open hole sect ions of the four rock cover test  we l l s  did not change 
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tions arere made into frractures deep in the disposal formation, the water level in  some of the rock 
cover wells w a s  seen to rise and even overflow, while in others the water level fell a few feet. 
By filling all these we l l s  with water prior to the injections and equipping each with a pressure 
gage, changes in pressure were noted which appear to indicate the direction taken by the frac- 
ture in moving out from tho injection well. Correlations with the results of the gamma-ray log- 

ging have not been completed, but there appears to be a marked rise in pressure in the rock cover 
wel l s  under which the fracture has passed and little rise, or even a drop in pressure, in the wells 
located in other directions. 

OPERATIONAL INJECTIONS ILW-1 AN0 ILW-2 

Following injection 7, on August 16, 1965, the disposal plant was put on standby; the dom- 
inantly experimental part of OUT program was  completed, and the waste evaporator w a s  still under 

construction. It w a s  understood, however, that when concentrated waste was available, the plant 
would be reactivated and used for actual disposal operations. Responsibility for the plant w a s  
consequently placed in the hands of the Operations Division, and they saw to it that the plant 
was  kept in condition. In the spring of 1966 the was te  evaporator went into operation, and by 
f a l l  enough waste concentrate had been collected to make an injection. Review of the condition 
of the plant showed that many improvements and modifications were required, including an in- 
crease in the w a s t e  storage capacity from about 40,000 gal to 80,000 gal, an increase in the 
capacity of the electric power line, a weigh tank to aid in proportioning the cement, fly ash, and 
other solids, and a permanent water line. Of the major items, only the weigh tank and the water 
line were installed by the time of the next injection, but many of the minor items had been taken 
care of. On December 12 and 13, ILW-1, the first actual disposal operation with real waste, was 
made into the fracture at  872 f t ,  the same fracture that had been used for injections 6B and 7. 
A total of 72,000 gal of waste, containing about 20,000 curies of I3'Cs and minor amounts of 
other nuclides, was disposed of at  an out-of-pocket cost  of about 30g/gal. There is little to say 
about the operation except that everything went smoothly; in particular the Densometer and the 
mass flowmeter worked well, holding the proportion of liquid to solids within satisfactory limits. 

During the next few months the two new was te  storage tanks were installed, bringing the 

usable was te  storage capacity to a little over $0,000 gal. 
The next d i s p o ~ a l ,  ILW-2, w a s  made on April 20 and 24, 1%7. This time 148,000 gal of 

waste concentrate, containing nearly 60,000 curies of cesium and over 1000 curies of strontium, 
was  pumped into a new fracture at a depth of 862 ft. The out-of-pocket cost  was less than 
20q/gal. There were a few minor delays in connection with this operation, but the only signifi- 
cant problem resulted from a decision to omit the sugar from the mix. The sugar is used pri- 
marily to extend the pumping time, but there was no need for an extension when the pumping 
time for this mix was determined for 6S°F, the approximate temperature of the host rock. But 
the sugar also reduces the viscosity of the mix, which w e  found too viscous to pump with the 



sugar left out. This fault was  corrected during the injection operation by reducing the proportion 

of solids from 6.25 to 6.00 Ib/gal, but only at  the risk of increasing the phase separation. 

CONCLUSIONS AND RECOMMENDATIONS 

In retrospect, after nearly eight yeem of work, there is surprisingly little that we wish we had 
done differently, so that this report may speak for itself. This statement, we trust, does not rep- 
resent self-satisfaction, but rather is based on OUT acknowledgment that w e  took advantage both 
of our abundant good luck and of the help and advice of many knowledgeable men. We were lucky 
in that the local geology proved favorable for was te  disposal by hydraulic fracturing. No other 
waste-producing research or operational center now active in this countty, or as far as w e  know 
in the whole world, h a s  geology of a type likely to be suited to thio unique method of disposal, 
except possibly the Nuclear Fuel Service plant near Buffalo, New York. We were also fortunate 
that our Labra tory  produces an intermediate-level waste in sufficient volume and with sufficient 
activity so that the operation of the eacptnimental pleat for actual disposal o p r a t i m s  was both 
feasible and attractive. Experiments in radioactive waste disgmod are no doubt an essential 
part in the development of new m&&, h t  only actual operations involving many thousands 
of curies can truly test  a new method, and a proper evaluat im of the procedure can be made onEy 
after many years of operation. This  is one of the reasons for our concern over tank storage; no 
matter how good a job is done by our generation someone else will have to be concerned with 
the wastes left in tanke. 

But in a broader sense the geology of the Oak Ridge area is in no way unique, for perhaps a 

third of the United States is underlain by flat-lying well-bedded sedimentary rock containing thick 
formations of shale. To be sure, the experience of the petroleum industry has been interpreted 
as showing that vertical fractures are commonly formed by hydraulic fracturing, and by implication 
vertical frsctures would also be formed in attempts to use hydraulic fracturing for waste disposal. 
Two questions must be resolved, however, before we accept th i s  unfavorable conclusion. First, 
what do the records of oil-we11 fracturing show about the pressures involved? No comprehensive 
study appears to have been made. The point is of sufficient interest that we tentatively suggest 
such a study should be made, not so much for its value for waste  disposal, but rather for the in- 
formation it would supply about a basic  geophysical problem. Our reservations principally con- 

cern the accuracy of the available data. Wellhead pressures, even when accurately recorded, are 
an unreliable indication of the actural pressures within the fracture. 

fluids. Certainly no comparison should be drawn between the fracturing of cased and uncased 

sections of a well. In an uncased wel l  the fluid pressure tends to enlarge the volume and hence 
the circumference of the well bore, and the force applied acts directfy to produce vertical frac- 
tures. Such fractures have, indeed, beon photographed, and these photographs have been a h  

vanccd in support of the contention that vertical fractures are  commonly formed. But in  a cased 

well, the fluid pressure i n  the well bore is contained by the casing and is only applied to the 

The second question concerns the! mechanics of the fracturing of rock by the injection of 
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surrounding rock through a narrow horizontal slot cut in the casing. This method of application 

of the fluid pressure tends to form a horizontal fracture, a point frequently emphasized by our 
friends a t  the Continental Oil Company. But such fractures, whatever their orientation, cannot 

be photographed because the well is cased, so that photographic evidence is strongly biased in 
favor of vertical fractures. In general, measurements and observations made inside the fractured 
well  will identify a vertical fracture but will not clearly reveal a horizontal fracture because of 
its geometry. 

Virtually all oil-well fracturing is in rocks with at Ieast some measurable permeability, and 

in this c a s e  the pressure of the fracturing fluid is at least  partially transmitted, through the fluid 
already present in the rock, more or less equally in all directions, This is equivalent to saying 
that the system is dominantly hydrostatic or, if you will, hydrodynamic. With an equal pressure 
change in all directions the rock will fracture first  in the direction normal to the least  original. 
pressure in the rock, granted that the rock is not importantly stronger in one direction than in 
another. But when fluid pressure is applied to a disk-shaped slot in virtually impermeable shale,  
the pressure change in the rock is not equal in all directions. The horizontal area of the slot is 
much greater than the vertical area of its narrow perimeter, so that a much greater force in pounds 
is directed vertically than laterally. Just  what the forces are around the tip of the fracture is a 

difficult problem to analyze, but they a p p e e  to favor the formation o€, or perhaps we should say  
the continuation of, a horizontal fracture. 

To the extent that the shale is permeable and to the extent that fluid does leak off into the 

shale, the vertical force will be increased as compared with the lateral forces because the liquid 
will move out between the beds, not normal to  them. We need a much more sophisticated, and 
unfortunately complex, analysis of the forces guiding the tip of a fracture in markedly anisotropic 
nearly impermeable rock before w e  can translate the experience of the petroleum industry, in ap- 
parently producing largely vertical fractures, into a judgment of the amount of “luck” we had in 
producing horizontal fractures in the shale a t  Oak Ridge. It may well be that the horizontal f rac-  
tures are the d e ,  not the exception, in  horizontal beds of shale. If this is true, then the area5 
geologically suited for disposal by hydraulic fracturing would include a third or so of the United 
States; however, any area considered for this type of disposal would have to be individually 
tested. Our recommendation would be a much m o r e  thorough study of the mechanics of hydraulic 
fracturing in well-bedded rocks, a problem which may be too complex for mathematical analysis. 

The theoretical analysis of the mechanics of hydraulic fracturing is also important to  vir- 
tually every aspect of the continued safe use of the method after a disposal system has  been put 
into operation. Such questions a s  how deep to drill the disposal well, how much waste-cement 
grout to put into any single fracture, and how far apart to space the fractures are still unresolved. 
If, as appears probable, these questions cannot be handled by a mathematical analysis based on 
existing theory, then experiments with m o d e l s  should be attempted, despite the difficulty of repro- 
ducing the physical properties of the system at a reduced scale. 
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A related problem is the probable mode  or modes of failure, for this will determine how he 
disposai area should be monitored. The location and value of the so-called rock w v e r  monitoring 
wells is a case in point; if they do not provide a reliable method of detecting incipient failure 

they are l ikdy  to give a false sense of security. 
We h a w  felt, perhaps incorrectly, that the useful role of hydraulic fracturing would probably 

be in the disposal of intermediate-level wastes and particularly of interrnediate-Ievel waste high 

in dissolved solids and possibly containing flocculent precipitates. Suspended solids can be 
handled by the mixer and the injection pump, and satisfactory waste-cement mixes appear to be 
possible even with highly salted solutions. Also, the probable volumes of intermediate-level 
waste, and more particularly of the was te s  from chemical dedadding, appeared to be of a con- 
venient size for this method of disposal. By "convenient size" w e  mean of the order of IO00 or 
2000 gpd, so that an 80,000-gd injection could be made every two or three months. The very- 
low-level wastes and the wastes consisting of potentially contaminated water appeared at first 
to be too voluminous, that is, of the possible order of hundreds of thousands of gallons a day, 
to be handled by the method. But hydraulic fracturing of a formation, such as a sandstone, with 
low but measurable permeability and appreciable porosity, say 10 to 15%, could quite possibiy 
handle large volumes of low-level waste. Fracturing in  this case would be used to provide a 
pathway into the formation, and disposal would be into the natural porosity of the rock and not 
into the fracture. No cement would be added to wastes disposed of in th i s  way. An obvious 

candidate for this type of disposal wouid be the tritium-rich condensate from the evaporation of 
high-level waste. 

At the other end of the waste spectmm are the high-level wastes themselves. We me much 
more confident than we were a few years ago that a surface plant can be designed to handle waste 
with thousands of curies  to the gallon, if adequate shielding and provision for decontamination 
ase designed and built into the plant in the first place. A more formidable ptoblem is the safe 
upper l imit ,  in t e rns  of curies per gallon of "'Cs or 90Sr, that can be disposed of by ftacturing 
into shale, considering the subsequent heat rise. If the boiling point of water is taken as the 
limiting temperature, the upper limit would probably pennit di5posal of some high-level waste, 
but this limit is probably too conservative. The danger would come, presumably, in the escape 
of steam and hot water containing dissolved fission products and the transport of the radioactive 
materials up to neat the earth's surface. This  possible mechanism is very like that responsible 

for the formation of hydrothermal ore and mineral deposits. Such systems have been studied in 
some detail, and similar methods could probably be used to predict the circumstances under which 
hazards might result from the generation of heat within a solidified grout sheet  of radioactive 
waste and cement. We believe these calculations should be undertaken by someone versed in 
the physical chemistry of the formation of ore and mineral deposits. 

L? more general terms, our conclusion is that the possibility of using hydraulic fracturing for 
was te  disposal in other areas  should be explored and that conqideration should be given to using 
the method to dispose of wastes other than the medium-level was te s  for which it is now employed 

at Oak Ridge. 



2. Geologic Setting 

OAK RIDGE AREA 

Oak Ridge is located in the “valley and ridge” physiographic province, a belt of faulted and 
folded rock which lies bemeen the “Blue Ridge” subdivision of the Appalachians to the south- 
east  and the “Appalachian Plateau” to the northwest. It extends from Pennsylvania to Alabama, 
where its possible Continuation in an arc c w i n g  to the west is obscured by a cover of younger 
deposits. In the Oak Ridge area the province is about 50 m i l e s  wide and is marked by a ser ies  of 
great overthrust faults, in esch of which a layer of rock wry roughly two m i l e s  thick has  moved as 

much as several  tens of miles to the northwest, oveniding the similar sheet of rock in front of it 
and in tum overridden by the sheet behind it. 

The dimensions of the sheets,  the distances moved, and the sbength of the rock involved a p  
p ren t ly  preclude the early hypothesis that they were pushed from the rear. The more recent sug- 
gestion,’ that while the Appalachian Mountains were uplifted, the sheets slid down very gentle 
slopes under the force of gravity along fault planes in which friction had been very greatly reduced 
by fluid pressure, has aroused much interest. The mechanism of the thrust faulting is of impor- 
tance to disposal by hydraulic fracturing at Oak Ridge because the faulting might have left residual 
stffsses in the rock and would certainly influence the type and distribution of minor folds and 
faults in the several formations that make up the thrust sheets.  

Since the latter part of the Appalachian Revolution, when the thrust sheets  w e n  formed, at  
least 10,000 f t  of rock has been removed by erosion. The fault sheets,  as presently expOsed, are 
each bounded below by one of the major overthrust fault planes and above by a fault plane or an 
erosion surface, so that both the top and bottom of the original stratigraphic column are missing. 

The two fault sheets of immediate interest to the work at  Oak Ridge are each composed of four 
formations (Fig. 2.1). The oldest is the Rome sandstone, of lower Cambrian age, of which only 
the upper 350 ft is present in the Oak Ridge National Laboratory area; the lower part, perhaps a s  
much 1000 or 2000 f t  thick, was left behind when the thrust sheets were formed. That part of 
the upper Rome present in the test and disposal-plant areas is largely composed of beds of 
hard brittle quartzite 1 in. to 1 f t  thick. The Rome is overlain by the Conasauga shale,  about 

‘M. IC. Hubbert and W. W, Wubcy, “Role of Fluid Pressure in Mechanics of Overthruat Faulting,’’ 
Geol. SOC. Am. Bull. 70, 115 (1959). 
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Fig. 2.1. ~ubsurfocr Geology ORNl Froctwing Plant fitr. 

ZOO0 ft thick. The bottom 300 Et of the Conasauga, the Pumpkin Valley member, is dense 
argillaceous sha le  that is very thin bedded and dominantly red. This is the unit into which all 

the t es t  injections h a w  been made. The Pumpkin Valley is overlain by what is probably the 

Rutiedge member of the Conasaugra; however, this correlation, and in general much of the local 
stratigraphic cornlot ion and nomenclature, while the best presently available, should not be re- 
garded as firmly established. The so-called Rutledge, about IO00 ft thick, is composed of gray 
calcareous sha le  interbedded with generally thin beds or lenscs  of limostme. The contact be- 
tween the Pumpkin Valley and the Rutledge is marked by three bed5 of limestone. The Rutledge 
is overlain by the Maynardville limestme member of the Conasauga, generally thin-bedded and 
locally oolitic and fossiliferous. 

Above the Conasauga is the Knmc dolomite, about 3000 ft thick and composed of thick beds of 
more or less cherty dolomite. The lower part of the Knox is believed to be of Cambrian age and 

the upper part of Ordovician age. Variations in texture and composition, particularly in the as- 

sociated chert, have mads it possible for workers in other areas to subdivide the Knox into four 
or five formations; but in Oak Ridge it is still classed as a single stratigraphic unit. Springs, 
caves, and sinkholes are common in the Knox, and groundwater apparently moves through it  
rather easily along a complex network of joints, many of which have been enlarged by solution. 

The Knox is dlsconfonnebly overlain by the Chickamauga limestone, of Ordovician age, about 
1700 to 2000 ft thick in the fault blocks in the Laboratory area but somewhat thicker in some of 
the other fault blocks which are cut by the overthrust faults a t  a higher stratigraphic horizon. 
Where intersected by t es t  drilling, the formation contains two members of thin-bedded red cal- 
careous shale ,  each about 200 f t  thick and each apparently well suited for disposal by hydraulic 
fracturing (Fig. 2.1). The rest of the formation is we l l  bedded, hard, medium- to  fine-grained 
limes tone. 

The formations a l l  dip to the southeast, the Rome a t  45O near the outcrops of tho overthrust 

faults, but to the southeast of the faults the dips  flatten out to 10 to 20'. The beds within the 

fault sheets  are, in general, relatively little deformed. The competent Rome sandstone is some- 
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what faulted and fractured, particularly near the fault plane, but, considering the distances moved 
by the fault sheets ,  the breakage is surprisingly small. The overlying Pumpkin Valley is in 
genera! undeformed except for the regional dips already mentioned, but locally it is marked by drag 
folds, a l l  overturned toward the northwest and varying in  amplitude from about an inch up to sev- 
eral feet. The lower part, a t  least ,  of the Rutledge locally shows similar drag folding, but the 
axes of these folds are less regular, so that the deformation might better be called crumpling than 
folding. The Maynardville, the b o x ,  and the Chickamauga show no such minor structures in the 
vicinity of ORNL, although in other parts of the Valley and Ridge Province, they, or rather the 
individual thrust sheets  containing them, are more or less compiexly faulted and folded. 

MELTON VALLEY SITE 

The site in Melton Valley (at the junction of Melton and White Oak Creeks) selected for the 
projected large-scale experimental waste injections was chosen with the general geology akeady 
in mind  but with the precise spot chosen in order to meet certain operational and administrative 
requirements. These requirements were: (1) proximity to such operating waste disposal facilities 
as the burial ground and the seepage pits and trenches, (2) proximity to a waste-transfer pipeline, 
(3) remote from any existing or proposed Laboratory facilities, and (4) within the drainage area of 
White Oak Lake, the discharge from which was already being monitored. The Knox and the upper 
Conasauga, a total of over 3000 ft of the stratigraphic column, had already been ruled out for 
disposal by fracturing because they are largely thick bedded or generally very hard and brittle. 
The site is at a point stratigraphically just below these rocks and is immediately underlain, in  
consequence, by that pert of the section of g n a t e s t  interest. 

Joy Test Well 

In the summer of 1961 a test  well was drilled by the Joy Drilling Company a t  the site to  a 

depth of 3263 ft to explore these rocks. The hole was cored all  the way, and gamma-ray and 
electric 10s were made nearly to the bottom. A study of the data confirmed, incidentally, that 
this site is very needy at the same stratigraphic position as the site of the second fracturing ex- 
periment, which is 3000 f t  away to the northeast. The log of the wel l  (Fig. 2.2) may be sum- 
marized as follows: 

Middle Conasauga 

0 to 440 ft. Interbedded gray limestone and calcareous shale,  beds 0.1 to 1.0 in. thick, except 
locally 1 to 2 ft thick. Bedding irregular in detail and locally shows drag folds ranging from a few 
inches to several feet in amplitude. Does not appear well suited for disposal by fracturing due to 
irregularities in bedding. 

440 to 544 ft. Calcareous shale with less interbedded limestone than above. Bedding thin 
and regular; cores, in general, break evenly along bedding. Relatively little deformed - this may 
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fig. 2.2. Gentrol Description of Core from +he '*Joy" Test Wall. Sample numbers refer to sompter se- 
lected for minorologieal onolysis. 

be only local. Unit probably would be suitable for dispasal by frecturing where present at greater 
depth. 

544 to 674 fi. Calcareous shale with some interbedded limestone. Bedding coarser and less 

=gular than in overlying unit; locally deformed by drag folds. Probably poorly suited for disposal 
by fracturing. 

674 to 692 ft. Three Iimestone beds in shale; significant as stratigraphic markers. 
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Lower Conasaugo 

692 to 1002 h. Red noncalcareous shale with a few thin sandy beds in lower part. Bedding is 

irregular in detail and is locally deformed by minor folds and faults, but both cores and outcrops 
suggest it will, in  general, fracture along the bedding planes. This appears to be one of the best 
units for disposal by fracturing, particularly where present a t  somewhat greater depths. This is 

the unit fractured in a l l  experiments to date. 

Rome Formation 

1002 to 1360 ft. Well-indurated sandstone, generally thick bedded, locally shaly. Crushed and 

*cemented in lower part. Too massive, hard, and brittle to fracture easily along the bedding; not 
suited for w a s t e  disposal. 

Copper Creek Thrust fau l t  

1360 to 1362 ft. Shaly fault gouge. Soft, but very fine grained and apparently very nearly 
impermeable. 

Qlicltamougo Limestone 

1362 to 1642 fr. Limestone and shaly l ime,  in part with thin well-developed beds, in part with 
gradational or poorly developed bedding. With experience, perhaps much of this w i l l  be found 
suitable €or disposal by fracturing; at  present, only limited sections can be classed - as suitable. 

1642 to 1847 ft. Shaly Limestone with thin well-developed beddink This unit appears to be 
__ 

well suited to disposal by hydraulic fracturing. 

1847 to 1927 h. Limestone and shaly limestone, generally unfavorable, but includes several 
short sections suitable for fracturing. 

1927 to 2200 ft. Largely limestone, with relatively thick or poorly developed bedding. This  
general section is probably poorly suited to disposal by fracturing. 

2200 to 2366 ft. Limestone and shaly limestone, generally unfavorable, but including several 
short sections suitable for fracturing. 

2366 to 2648 h. Largely limestone, with relatively thick or poorly developed bedding. This  
general section is probably poorly suited to disposal by fracturing. 

2648 to 2852 h. Calcareous shale with very uniform well-developed thin beds, This  section 
gives appearance of being excellently suited to disposal by hydraulic fracturing. 

2852 to 3126 f t .  Limestone, with many variations in texture and bedding, but, in general, 
relatively thick bedded or indistinctly bedded and therefore believed largely unsuited to disposal 
by fracturing. 
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Knox Group 

3126 to 3263 ff. Thick bedded, structurally almost massive, coewely crystalline dolomite. 
This rock, which probably extends to a depth of &bout 6000 f t ,  is clearly quite unsuited t o  disposal 

by hydraulic fracturing. 

Special Core Annlysis Tests 

... .... 

.... 

Twenty-five core samples from the Joy test well, identified a s  to depth in Fig. 2.2, were sub 
mitted to Core Laboratory, inc. @allas, Texas) for determination of porosities, crushing strengths, 

and flow and permeability tests. 
In preparation for the tests, plugs were shaped from the available whole-core samples. Where 

possible, the plugs were cylinders obtained by drilling with a diamond bit. Where this w a s  not 
possible, cube-shaped plugs were obtained by sawing and carving Samples to be used for the 
various flow t e s t s  were mounted in plastic. Porosities and air permeabilities were measured. The 
samples were then evacuated and saturated under 2000 psi pressure with water, and permeabilities 
to water were then measured. 

Samples chosen for the special flow tests with filtrate were placed in a high-pressure core 
holder while still saturated with water, The filtrate, submitted by Westco Research (Fort Worth, 
Texas), was then injected into the samples under high pressure and the flow rate observed for 

several hours, 
Samples selected for the crushing strength tes t s  were also evacuated and pressure saturated 

with water. The sample faces were polished, and the measurements were performed in acccmiance 
with ASTM specifications. 

Porosities, air permeabilities, and water permeabilities were measured on ten selected sam-  
ples. The results of these determinations are given in Table 2.1. The very low porosities, even 
after being dried at 2404F, indicate very hard and compact material. The air permeabilities of the 
shale, less than 0.005 millidarcy, both vertical and horizontal, indicate very great compaction in 
both directions. The magnitudes of the differences in the air and water permeabilities are  not un- 
common for formations of this type. It should be noted that the air permeability values w e r e  ob- 
tained first, s ince  the samples had been allowed to dry prior to the analysis. It is  possible that 
the resaturation with water did not return the samples to their in si tu condition, in which case  the 
actual reservoir permeabilities may be lower than these measured values. 

Flow t e s t s  using filtrate were performed on six samples after the permeabilities to water had 
been measured. Several of the samples initially showed permeability to the filtrate. This perme- 
ability decreased rapidly, however, resulting in the immeasurably low values given in Table 2.2. 
The lack of permeability observed using the filtrate is believed to be due to plugging of the pores 
either on or near the surface of the core with solid material from the filtrate, confirmation that 
fluid loss additives are not needed. 
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Tablo 2.1. Air  and Wator Permeabilities 

Horizontal Permeability 
(miilidarcys) 

To Air  To Water 

Porosity Sample Depth 

No. (ft) (so) 

1 

a 
3 

4 

5 

6 

7 

8 

9 

10 

155 

508 

660 

71 9 

801 

2086 

2701 

2705 

2826 

2852 

0.030 

3.2a 

0.020 

0.047 

0.024 

0.0062 

0.012 

0.002 

0.001 

0.039 

0. Do01 05 

0.03964 

0.0001 91 

0.00003Q 

0.000253 

0.000253 

0.000273 

0. oooO75 

0.000576 

0.000552 

1.3 

1.1 

0.46 

1 .l 

1.9 

0.49 

0.39 

0.54 

1.5 

0.78 
- 

'Fnrchua. 

Table 2.2. Blow T85f5 

Permeability (milli&rcys) 
Sample Depth 
No. (ft) To Water To FiltrPte 

x 10-6 

11 (horizont.1) 942 o.oooo31 <I.@ 

12 (hotizoatal) 2648 0. oooO78 <l.@ 

13 (horizontal) 2570 0. oooo1s < l.ob 

14 (vertical) 71 9 < l . O X  10-6 < 1 .ob 

15 (vertical) 2701 0.000017 <I.$ 

16 (vertical) 2852 B.000012 <l.O b 

"Filtrnta from cement containing fluid 1088 additive. 
bFiltrmte from cement containing no fluid loas additive. 

The results of crushing strength determinations are shown in Table 2.3. These data appear 
normal for core samples of the type analyzed in this study. Compmssive strengths of unconfined 
samples of the shale averaged 1.2 x lo* psi. The shale showed very little reaction and no meas- 
urable change in properties when soaked in nitric acid. 
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Tablo 2.3. Crushing Strength. 

Sample 
No. 

17 

18 

19 

942 

2648 

2 705 

4870 

3400 

4500 

7780 

3500 

6900 

381 o 

"Parallel to bedding planes. 

'45" tu bedding planes. 
bperpcndicuiar to beddiag plenes. 

Minwalogico I Analysis 

We were advised that the injection of significant quantities of actual waste into the shales  
within the Chiclcamauga farmatioa above the Knox dolomite might be more suitable than injection 
into the shales  above the Rome formation orthoquartzite. A detailed mineralogical study would 
provide an indication of the exchange capacity of these potential injection zones. The clays in 
these shale  zones,  with relatively hi& exchange capacities, would serve as natural barriers to 
the movement of radionuclides and therefore would provide an additional safety factor. 

Twenty-five selected samples of the core from the Joy test well were submitted to R. E. Grim 
(University of Illinois) for detailed analysis of the mineralogy, exchange capacity, and acid- 
solution components. Figure 2.2 is a general description of the core, showing which samples were 
selected for Grim's analyses. Table 2.4 contains a l i s t  of the samples analyzed and their identity 
as to depth (in feet) and rock type. 

The mineralogy of the core samples is reported in two ways. The Microscopic Examination 
describes the mineralogy of the entire sample, including the general features of the clay minerals 
{Appendix 2A). The Clay Analysis covers the results of the analysis by x-ray diffraction of 
particles 2 p or less in diameter (Appendix 2B). 

In Table 2.4, samples at  7l9 to 942, 1648 to 1867, and 2648 to 2852 f t ,  inclusive, represent 
samples from zones considered suitable for fracturing. In the 7l9-to-942-ft zone, clay minerals 
make up the bulk of the samples. Quartz is present in moderate quantities, but calci te  is con- 
spicuous by i ts  absence.  In the 1648-to-1867-ft zone, the material is principally limestone, with 
calcite the dominant mineral. The sample taken a t  1648 ft represents the more shaly area in this 
zone; this sample contains about 40% calcite. This mineral distribution is in contrast to the very 

low calcite content of the shale in the 71Pto-942-ft zone. In the 2648-to-2852-ft zone, the calcite 
and clay minerals occur in moderate amounts, The sample from 2705 ft represents a coarser- 
textured limestone, and this is reflected by the higher calcite content; the more typical samples 
af this zone are represented by samples 2701 and 2826. In three zones the clay mineral illite is 
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Table 2.4. Somplos for Car. Laboratory from 3263-hdeep Joy Tost  Woll  

Analysis 

93 

9s 

Middle Part, Conasauga Shole 

Gray calcareous shale, 8W0, with light-gray argillaceous limestone. Bedding 
irregular. but rock not markedly deformed. Very slightly weathered, but s t i l l  
strong. Typical of mixed shale and limestone of middle Conasauga tormation 

Fine-grained argillaceous limestone, relatively homogeneous. Typical of 
limestone beds in middle Conasauge. Very slightly weathered, but st i l l  
strong 

155 Fresh, &&-gray calcareous shale; typicat Protected from moisture 1088 

197 

245 

508 

933 

535 

660 

71 9 

aoi 

942 

1014 

1111 

1242 

1346 

Medium-grnincd sandy textured limestone. Very little deformed. Typical of 
fresh limestone at  thia depth. Few veinlets of secondary calcite 

Dark-ipy, homogeneous calc8reous shale. Not deformed. Typical of pure 
able 8t this depth. Dip 45’ 

Gray calcareous shale, internally deformed, but not badly folded. Has been 
protected from moisture 10s. 

Dark-gray, homogeneous calcareous shale. Typical of pure shale. Dip 30? 
Not deformed 

Dark-gray calcareona shale; similar to above but protected from water loss 

Pumpkin Vallay Member of Canosaugo Shale 

From well IS west. Typical red shale with white “sandy” streaks and thin 
(0.1 in.) beds of glauconite. Not deformed 

Typical red shale wi th  a few Light-colond “sandy” streaks (20%) and possi- 
bly a little glauconite. Dip 15’. Very little deformed. Secondary calcite 
veinlets 

Typical red shale similar to above 

Red shale. apparently much cmshed and original bedding destroyed, but com- 
pletely racompacted; now appears nearly massive 

R o m w  Sandstone 

Hard, white to very fight-gay sandstone or quartzite, typical of upper Rome 
formation. Dip 10’ 

P W h ,  slightly srgilhceous hard sandstone with  a very few thin shale part- 

ings. Dip 4S0, but not deformed. Typical of much material in Rome forma- 
tion 

Hard silty or sandy shale, apparently much crushed and original bedding de- 
stroyed, but recompacted and solid Dark gray to black. Typical of sandy 
shale in Rome formation 

H8rd. gmyish bedded sandstone; dip SOo. Typical of sandstone in lower 
Rome 



Table 2.4. (Continued) 

Sample Depth 
Ut) Analysis 

1366 

1501 

1515 

1552 

1565 

- 

1648 

1668 

1819 

1864 

1946 

2 076 

2 086 

2 093 

Chic kamauga L icnertono 

Cnlcamour red shale, hard, maariw. Probably top of Chiskamauge 
juat below fault. Breaks on 304 dip 

Very dark-gray calcareous shale. Bedding indistinct, somewhat deformed 
internally, but breaks evenly along bedding; dip 25*. Very fine gramed, 
almost massive in appearance. Characteristic d dark shales in 
Chickrmaup 

Dark-red very fine-gmined cdcarcoua shale, nearly massive in general 
appearance. a5 thaa is no color or textma1 banding to show bedding; 
however, rock -ah evenly along bedding planes. Dip 19 

Very fhe-gmiaed medium- to light-gmy limestme, typicsl of 
“Uthogmphic“ lhertwe in wall  10s Oaly vary slight internal de- 
formation. Bedding is distinct and is not folded or sheared 

Very Light-gray cowme, kragukr textured limartone, probably formed 
largely from s h e l l  fragments which have basn broken and recrystallized, 

textwe. but not coslllpicninmly folded or sheared. “Poddiag” may well  
be original text-. Typical of coa-er texturrd limestones in maddb 
Chickamaug. 

and thh (0.1-b.) bsd8 and plm Of -0 C 8 h X ~ O U S  sttale. "Padded" 

Dark gray very fine-graiwd nussive-appeariag calcareous shale. Brreks 
cleanly on 1 9  dip. Typical of dark fine*griined shales m Chickmaup  

Almost white coarse-textured limestone, probably fossiliferous. Dip un- 
cettaia, about 200 

Medium-dark-gray very fbegroined limestoae with faint brownish tinge, 
‘*Uthogrclpbic.** *‘Podded” with thin h g u l a r  beds or partings of darker 
shale. Almost certainly origiaal texture 

Light-gray coarse-textured fossiliferous Ilmestoae; compct .  hard, not de- 
formed. C o n t a h  m8ny piacts of broken shell and oolites 

Medium- to Light-gray limestone, medium m i n e d ,  with thin (0.1-in.) beds 
and irragukr partin- of gray shale. “Podded*’ but not deformed or 
folded. Podding map wel l  be m a l  texture, but uncartain 

Dark-gray hard limestone with many small white shell fragments scattered. 
Called “spotted limestone” in wel l  log. Bedding absent or indistinct 

Darked ,  almost massive calcareous shale. TypicaI of minor disposal unit 
in Chickfamaup 

Conspicuously banded thm-bedded alternating red shale and pink to white 
fine-grained. sandy textured limestone 
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Tabla 2.4. (Continued) 

Sample Depth 

(ft) 
Analysis 

2278 

2388 

2474 

2476 

2570 

2648 

2701 

2705 

2826 

2852 

3035 

Medium-gmy limestone and dark-grmy shale in alternating beds ranging 
from 0.1 to 1.0 in. thick. Somewhat '4podded.*y Fossil brachiopods a t  
this general horizon. Sample is typical of much interbedded limestone 
and shale. No clear signs of internal deformation; podding may well  be 
original structure 

Fine- to medium-gmined light-gray sandy textured limestone, locally cherty. 
Moderately distinct thin beds due to color variations and shale partings 

White, pure, very coarse-textured crystalline limestone; almost a marble. 
Typical only of certsin minor beds 

Very fine-mined, medium- to l i g h t m y ,  E~iatry brownish limestone - 
"lithographic" - with a few very thin darker streaks or partings. Hard 
and brittle; not intamrlly deformed or folded 

Very dark-pay fine-grained argillaceous limestone. Eedding does not show 
on surface, but rack h a &  clernly on bedding planes. Rock looks massive 

Dark-groy fine-grained argillaceous limemtonc. Looks massive, but rock 
bmaka cleanly on baddin& Color changes b l o w  to pinkish. Top of 
propoaed main dispo891 unit 

Dark-red very f ine -p ined  argillaceous limestone or calcanour shale. 
Typical of much of main disposal unit. Looks m a s s i v e  but breaks cleanly 
along bedding planes 

Randed pink and white, fine grnnulnr textured limestone; looks less 
argilhceous than 2701, but occur8 interbedded with material like that at 
2701 in roughly equal amounts. Hard, brittle, breaks cleanly along 
bedding, which shows as prominent color bands about 0.1 in. thick or so. 
Very fi t th,  if at a& deformed. Typical of much of main disposal unit 

Dark-red argillaceous limestone or calcareous shale; very fine grained. 
Loo& maeaive.  but breaks cleanly along bedding planes. Typical of 
much of rock in main disposal unit 

Medium-dark-gmy medium-fine-grained limestone; generally massive in 
appearance but contains a few thin lighter-gray beds, 0.01 in. thick or so. 
Breaks claanly along bedding. Lower part of proposed main dispoeal unit 

Two snmplcs. One red and one green, very fine-grained calcareous shale 
or posaibly a u c s o u s  h e s t w e .  Shows no bedding, but breaks cleanly 
aloag bedding. Not typical of general section here; most is fine to coarse 
cherty limestone 
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mast abundant in the deepest and in the shallowest zones. Kaolinite and chlorite make up a 
substantial portion o€ the minerals in the shallow tone (7l9 to 924 ft). 

dolomite. The Rome sandstone is represented by samples from 1010 through 1360 ft. The very 

hard sandstone samples (1010 and Ill4 ft) differ from the marc argillaceous sandstone samples 
0.244 and 1358 ft> by their higher quartz content. Associated with the higher quartz content is 
feldspar, preser\: up to 10% in this formation. In the Knox dolomite formation, represented by sam- 
ple 3139, the calcareous m i n e d  is the only one identified positively. 

Two formations considered unsuitable for fracturing are the Rome sandstone and the Knox 

Data are also reprted on the exchange capacities and acid-soluble fractions of the core sam- 
ples. These values are shown in Table 2.5. Exchange eapacitics range from 5.4 to 29.4 meq/ 

Tabla 2.5. Exchange Cepocity and Acid-Soluble Components 

39 

95 

2 OS 

530 

71 9 

81 1 

942 

1010 

1114 

1244 

issa 
1381 

IS52 

1648 

1784 

1867 

2086 

2284 

2648 

2701 

2705 

2826 

2 852 

303s 

13.1 

*-.99 

7.3 

21.05 

8.12 

9.94 

15.44 

5.76 

7.50 

10.35 

29.4 

5.9 

10.80 

7.32 

9.84 

13.17 

11.87 

9.43 

7.1 7 

n r  

16.0 

18.15 

7.48 

15.85 

13-35 

~ - - _ _  

54.1 

27.3 

26.4 

1.2 

5.3 

9.6 

7.8 

6.4 

4.3 

5.7 

0.01 

44.9 

77.5 

34.6 

78.8 

90.7 

30.7 

70.7 

48.6 

33.0 

64.7 

23.5 

25.4 

28.9 

3139 5.44 89.2 



100 g. The lowest value represents the core with extremely high calcite and dolomite content 

(3139 ft); the highest value is from the core a t  1358 ft, which is in the thrust-fault zone. 

minerals identified, quartz, calcite, dolomite, and feldspars have little or no exchange capacity; 
kaolinites have low capacities (1 to 10 rneq/100 g) ; illites and chlorites have moderate capacities 
(15 to 25 meq/100 g); and montmorillonites have high capacities (100 m e q / 1 0 0  g), Studies of 
several illites here showed that their exchange capacit ies can range from 12 to 30 meq/100 g, and, 
since i l l i te is the dominant clay mineral in the core, it is suspected that the exchange capacity 
variations observed in samples mineralogically similar may be due to differences in the nature of 
the illite in the core. 

In general, the lower exchange capacities correspond to lower clay mineral content. Of the 

The percentage of acid-soluble components is a measure of the calcite content in geologic 
formations. These analyses show that samples from the shallow zone (719 to 942 ft) contain very 
little calcite, whereas considerable calcite is found in  the two deeper zones considered favorable 
for fracturing. Two samples with about 90% acid-soluble components are from a fossiliferous zone 
(1867 ft) and a dolomite zone (3139 ft) . It was somewhat surprising that the dolomite sample 
should show such high acid-soluble content, s ince dolomites arc known to be less soluble than 
calcite. Generally, however, the concentrations of acid-soluble components agree we l l  with osti- 

mates of the calcite content based on optical and x-ray diffraction techniques. 
On the basis  of clay mineralogy, both the shallow (719 to 942 f t )  and the deepest (2648 to  

2852 ft) zones appear to be favorable for fracturing because of their high illite content. Illite is 
highly selective for cesium sorption and will serve a s  a barrier to the movement of radiocesium if 
grout sheets  are subject to leaching. 

Geothermal Mearurementr 

Detailed temperature surveys of the Joy tes t  we l l  were made by W. H. Diment and E. C. 
Robertson of the USGS in December 1961 and March 1 9 6 Z 2  Temperature measurements were also 
made in the Joy w e l l  in October 1962, after it had been cased down to 2900 ft, There w e r e  only 
minor changes in the temperatures in the Joy No. 1 well between these dates. The temperature 
gradients w e r e  compared with the thermal conductivity of rock samples from the core of the tes t  
well, and a computation w a s  made  of the rate of heat  flow from the earth’s interior. Diment and 
Robertson obtained a provisional value of 0.73 f 0.04 microcalorie 
rate, but this value may be revised as the result of subsequent observations. 

setm1, a relatively low 

Figure 2.3 is a plot of the temperature in the Joy well to a depth of 2900 ft. The measurements 
are probably correct to within less than O.l°F, but they may not represent the normal themial 
gradient. Subsequent to the last temperature measurements (October 1962) , the water level in the 
casing in the Joy w e l l  was found to te dropping slowly, whereas it had been assumed that the 

‘W. H. Diment and E. C. Robertson, “Tempernhue, Thermal Conductivity and Heat Flow in a Drilled 
Hole aear Oak Ridge, Tennessee,” J .  Gsophya. Res. 48, 5035 (1963). (Earlier unpublished reporr gives 
specific relation of temperstsue gradient to depth of groundwater movement) 
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Fig. 2.3. Temperuture Measurements i n  tho "Joy" W e l l  (Oetobu 1962). M8usurom8ntr modo by USGS. 
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water was stagnant. This downward flow of cooler surface water into the warmer, deeper horizons 
has to some unknown degree locally reduced the normal temperature gradient, so that some minor 
adjustment of the computed rate of heat flow will be required. 

The temperature gradient in another well at the site of the second fracturing experiment, from 
about 400 f t  to the bottom of the well at 1025 ft, is very similar to that measured in the same in- 
terval in the Joy well,  although the temperatures in the other well averaged about 0.3OF higher. 
This suggests that the departures from the normal thermal gradient in the Joy well are less than 
1°F and that the reported temperatures can be used to determine the pumping and set t ing times of 
the waste-cement mixes under development. 

The marked differences in the thermal gradients in  the two wel l s  down to a depth of 200 ft 
were explained by Diment and Robertson as probably due to the slow circulation of groundwater 
down to this depth. The disturbances in the gradient caused by this citculation down to 200 ft 
slowly disappear in the internal between 200 and 400 ft. There is no reason to believe that there 
is any groundwater movement below 200 ft, although the data do not entirely rule out this possi- 
bility. 

Abnormally t o w  Pressures in Depth in tbo Joy Well 

For the first year after the Joy well was drilled, there was no way to determine that water was 
flowing out the bottom of the well into the deeper formations; the water level in the then uncased 
well was maintaintd by its interconnection at the surface with the main water table. However, in 
June 1962 a 1%-in. casing was cemented into the well down to a depth of 2900 fi, leaving open the 
interval below 2900 ft and the bottom of the well a t  3263 ft. This open-hole section i s  in  the 
lower part of the Chickamauga limestone and the upper part of the Knox dolomite, all rock that a p  
pears to have no significant permeability or porosity. These rocks, however, may contain minute 
fractures, most of which would be expected to be parallel to the bedding planes. 

The temperature measurements made in October 1962 were surprising, because they showed 
that the water level in the casing was 100 to 150 ft below land surface. Following some preli- 
minary tes ts ,  the casing was filled to the surface on October 16. Figure 2.4 shows the subsequent 
water level in the well. Soon this level was below that of Watts Bar Dam, which determines the 
lowest possible level of the water table for a wide surrounding area, and it became evident that 
the water was being taken into the lower Chickamauga and upper Knox as the result of an ab- 
normally low liquid pressure in these formations. 

This low pressure might conceivably be attributed to the elastic expansion of these rocks due 
to removal of overburden during the las t  few million years. However, this process appears to be 
far too slow, compared with the possible rate of movement of water down through the overlying 
cover rocks, impermeable as this cover appears to be. Differences in chemical concentration, in 
temperature, and in electric potential can cause very slow ffuid flow through rocks of low perme- 

ability by a process which is, or closely resembles, osmosis .  The significance of this abnormally 
low fluid prcssute in these deep horizons is that t h e n  can be no possible pathways of appreciable 
permeability between them and the water table. 
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Fig. 24 .  Drop in Wahr Lmvd in C a r d  *‘Joy’* W d I .  
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Appondix 2A 

RESULTS OF MiCROSCOPIC EXAMINATION 
By R. E. Grim 

Mostly extnmely fine calcite - less than 10 p , few particles to 40 p. Quartz to 
40 p. Clay minerals too s m a l l  to be seen individually - in aggregate particies with 
fine calcite. 

Calcite, extremely fine - mostly l e s s  than 10 p - few particles to 40 p. Quartz to 
40 p. Clay minerals too small to be seen  individually - in aggregates many of which 
show aggregate orientation and high birefringence of m i c a s .  Aggregates have only a 

little calcite, as if clay minerals and calci te  not very intimately mixed. 

Calcite, mostly 10 to 50 p. Quartz to 40 p. Glauconite to 80 p is common, Clay 
minerals in random oriented aggregates - particles too small to be seen individually - 
little mixing with calcite. 

Calcite to 40 p .  Quartz to 40 p - mainly very fine - less than 20 p. Clay mineral 
flakes to 80 p - many flakes to 40 p. Some oriented aggregates. Many green chlo- 
ritic flakes. Few glauconites to 80 p. Dirty appearance probably due to organics. 

Calcite trace to  40 p. Quartz to 80 p. Rare grains of glauconite to 80 p. Clay 
minerals in flakes to 20 p - many flakes to 10 p. Aggregates, often showing aggre- 
gate orientation. Green flakes of chlorite are quite abundant. Dirty appearance due 
to organic material. 

Calcite trace to 40 p. Quartz to  100 p. Glauconite common to 80 p.  Clay minerals 
to about 20 p - mostly very fine, in dirty-appearing (due to ferric iron) aggregates. 

Quartz to 100 p. Mica to 40 p - mostly less  than 10 p. Few clay mineral 
aggregates - mostly dispersed flakes. Few grains of glauconite. Few green flakes 
of chlorite. Dirty appearance perhaps due to organics. 

Quartz to 100 p unsorted. Trace calcite to 40 p.  Feldspar to 80 p. Clay minerals 
in colorless individual flakes to 20 p.  

Quartz to 100 p - unsorted. Feldspar to 100 p. Clay mineral, colorless flakes to 
30 p - no aggregates. Rare glauconite to 40 p. 

Calcite, tram to 30 p. Quartz to 150 p. Feldspar to 150 p. Clay minerals, many 
particles to 20 
80 p - some few oriented aggregates with dirty appearance, probably due to 
organics. 

Calcite to 50 p. Quartz to 50 p. Clay minerals to 30 p but mostly too small to be 
seen individually - in aggregates with little preferred orientation, dirty in appear- 
ance, probably due to ferric iron. Clay mineral has fairly high birefringence. 

- some larger flakes to 40 p. Green glauconite-looking particles to 
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13 81 

1552 

1648 

1784 

1867 

2086 

2286 

2648 

2701 

2705 

2826 

2852 

3035 

3139 

Calcite to 20 p but mostly very fine, less than a few microns. Quartz exceedingly 
rare and fine - less than 20 p. Clay mineral in particles too small to be seen 
individually and mixed with calcite. No clay mineral aggregates. 

Calcite, substantially all less than 10 p .  No other components definitely detemi- 
na ble . 
Calcite to 40 p - mostly less than 10 p.  Quartz less  than 20 p. Clay minerals in 
individual colorless flakes to 20 p - mostly less  than 10 p.  No glauconite and no 
clay mineral aggregates. 

Calcite to 40 p - mostly less than 10 p No other components definitely visible. Any 
quartz extremely fine. Any clay minerals in individual flakes less than about 10 p.  

Calcite to 40 p, but mostly less than 10 p. No quartz or clay mineral can be identi- 
fied definitely. 

Calcite to 30 p ,  but mostly less than 10 p. Qunrtz to 30 p. Cloy minerals less than 
10 p ,  mostly too small to be seen  individaally. Many dirty-appearing @robably due 
to ferric oxide) aggregates of calcite and clay minerals without aggregate orientation. 

Calcite to 40 p ,  mostly less  than 10  p. No other components definitely determinable. 
Any clay minerals or quartz extremely small { - 20 p )  . No clay mineral aggregates. 

Calcite to 50 p ,  but mostly less than 10 p. Quartz to 40 p. Clay minerals in in- 

dividual flakes to 20 p,  but mostly l e s s  than IO p in individual flakes and aggregates 
with calcite. Aggregates have l i t t le preferred orientation. Clay mineral has high 
birefringezce. 

Calcite to 40 p. Clay mineral to 30 p in individual flakes and random aggregates - 
all red ferric iron stained. 

Calcite to 80 p unsorted. Quartz to 80 p. Clay mineral, few flakes to 80 p - some 
green chlorite. M o s t  of clay minerals is colorless and l ess  than 10 p in individual 
flakes and in random aggregates with the calcite. 

Calcite to 40 p unsorted. Quartz to 40 p unsorted. Clay mineral in flakes to 20 p ,  

but mostly l e s s  than 5 p - in individual flakes end dirty-appearing aggregates 
(probably due to ferric iron) with little preferred orientation. Clay mineral has high 
birefringence. 

Calcite to 40 p - mostly less than 10 p. Quartz to 40 p. Clay mineral in individual 
flakes less than 10 p and aggregates with the calcite. Clay mineral colorless and 
highly birefringent. 

Calcite to 80 p ,  but mostly less  than 10 p (unsorted below 40 p). Quartz to 80 p .  

Clay mineral in flakes to 20 p but mostly less  than 10 p in individual and dirty- 
appearing aggregates with calcite. Li t t le  preferred orientation and high birefringence. 

Carbonate to 100 p - much very coarse. No other component can be identified 
definitely. 



CLAY ANALYSIS 

By R. E. Grim 

Sample 
N 0. 

Celclte Quartz llllte Keolinlte Chlorite Miscellaneous 

BY 

95 

205 

530 

15%; hlghfy degraded; all  
-2 p; 2, -1 p; mixture 
dl- and trioctshedral 

5%; moatly -1 1070; highly degraded; 
mostly -1 p 

2090; mostly -2 p; 15%; mostly -2 p; 
1 1 
4 8 1 P  5, -1 P 

3574 moderetely degraded; 109.; mostly -1 p 
mostly -1 p; 
dloctshedra 1 

15%; hlghiy degraded; 
mostly -1 p 

Trace feldspar; trnce 
dolomite 

20%; sllghtly degraded; 
mostly -1 p; mixture 
di- and tdoctahedml 

5%; mostly -1 p 10%; highly degraded; 
moetly -1 p 

5% feldspar 

Trace 257.; mostly t2 p; 
i D - 2 P ;  1 4, 

-1 P 

40%; moderately degraded; 15%; mostly -1 p 
all -2 p; mostly -1 p; 
dioctahedrn 1 

15%; highly degraded; 
mostfy -1 p 

Trace feldspar and 
montmorillonite 

71 9 25%; mostly +! p; 
1 '4, -2 pi 4, 

-1 F 

45%; moderately degraded; 
all-2 p; mostly -1 p; 
dioctahcdra 1 

15%; mostly -1 15%; hlghly degraded; 
mostly -1 p 

Trace feldspar and 
montmorillonite 

811 Trace 20%; mostly t 1  p; 
1 2, -2p; /,* 

-1 c1 

457.; moderately degraded; 15%; mostly -1 p 
a11 -2 p; mostly -1 p; 
mhture dC and trL 
octahedrnl 

15%; highly degraded; 
mostly -1 p 

Trace feldspar end 
montmorillonite 

942 

1010 5%; mostly -1 1.1 

1114 

30%; mostly +2 p; 
'4, -2 p; truce, 

-1 F 

407'0; altghtly degraded; 
e l l  -2 p; mostly -1 p; 
dloctahedrnl 

10%; moetly -1 p 20%; moderately de- 
graded; mostly -1 /i 

Trace feldspsr; 
montmorAllonlte 

6Wo; mostly +2 p; 

2, -2 /r; 

1/3. - 2 p ;  1 4 ,  

-1 I' 

60%; mostly +2 p; 

-1 c1 

15%; slightly degraded; 
a11 -2 p; mostiy -1 p 

5%; mootly -1 5%; moderately de- 
graded; mostly -1 p 

10% feldspar 

20%; slightly degraded; 
1 

5%; moatly -1 p 
all  -2 p; 6 ,  -1 p; 
dioctahedrel 

570; moderately &e- 
graded; mostly -1 p 

lOq, feldspar 



Sample 
No. 

Caicite Quartz Illite Kaolinite Chlorite Mtscellaneous 

35%; slightly degraded; 
1 811 -2 p;  4, -1 p;  

dioctehedrel 

45%; moderately de- 
graded; a l l  -2 p;  
$, -1 p; dioct8hedral 

25%; moderately de- 
graded; a l l  -2 p; 
mostly -1 p;  mlxture 
di- and trloctahedral 

lopk: highly degraded; 
at1 -2 p; mes t fy  -1 p; 
mixture dl- and tri- 
octahedra 1 

25%; slightly degraded; 
a11 -2 p; mostly -1 p; 
mixture of df- and 
trioctahedml 

5%; well  degraded; al l  

-2 P 

logo; mostly -1 p 

Trace 

5%; mostly -1 p 

15%; moderately de- 
graded; mostly -1 @ 

1244 

1358 

1381 

1.552 

1648 

1784 

1867 

2086 

2286 

2648 

Trace 35%; mostly +2 p; 
1/4' -2 p 

10%; hlghly degraded; 
mostly -1 p 

5% feldspar; 1 WID 

mixed layea 
10%; mostly t2p ~ W O ;  mostly +2 p; 

t ,  -2 f i  '4, -1 p 

10%; mostly +2 p; 
f '4, -2 p; 4 ,  -1p 

10%; w e l l  degraded; 
mostly -1 p 

509'; mostly + 2 p ;  

's. - 2 p  

5%; w e l l  degraded; 
mostly -1 p 

5%; mostly t 2 p  Trace Montcnorlllonlte 80%; mostly +2 11; 
t / *  - 2 p  

10%; mostly -1 p lo"/,; moderately de- 

graded; mostly 

-1 c1 

Montmorillonite 40740; mostly -2 p; 
1 
41 -1 F 

15%; mostly -2 p 
'4, -1 I' 

we; w e l l  degraded; 
mostly -1 p 

5% mixed leyer 

lDg, dolomite 

5% dolomite 

85%; mostly +2 p 5%; only trace 

-2 Ir 

Trace; mostly 

-1 c1 

80%; mostly +2 p; 
1 4 ,  -2 @ 

35%; mostly -2 p 

5%; only trace 

-2 P 

15%; about '4, 
-2 p; about '4. 
-1 P 

10%; entirely a random mixed-layer assemblage of three-hyer 
clay mlnerah 

309.; slightly degraded; 
a l l  -2 p; mostly -1 p; 
dloc tehedra 1 

5%; mostly -1 p 

5%; mostly -1 /.t 

10%; alightly de- 
graded; mostly -1 p 

So/,; well  degraded; 
mostly -1 p 

Trace dolomlte 70%; mostly t 2  p; 
$, -1 p 

5%; mostly +2 p; 
1 . '  -1 p 

15%; moderately de- 
graded; ell -2 p; 
mostly -1 p; mixture 
di- and trioctahedrsl 

20%; moderately de- 
graded; a l l  -2 P; 
mostly -I p; mixture 
of di- and trla-tahedral 

we; mostly -1 p lo$b; well degraded; 
mostly -1 p 

109, dolomite 55%; moatly -2 /I; 
I 
4 s  -1 c1 

~ W O ;  mostly +2 p; 
1 5. -1 P 



Sample 
No. 

Calcite Quartz Illite K8 O h h 3  Chlorite Miecellaneous 

2701 

2705 

2826 

2852 

3035 

3139 

20%; mostly -2 p; 
1 
4 8  -1 )I 

30%; mostly -2 p; 
1 4D'p 

30%; mostly -2 p; 
l4. -1 p 

30%; mostly -2 p; 
1 
. s o  -1 P 

80%; moetly + 2 p  

15%; about ' 4 s  
1 -2p; 4. -1 p 

15%; mostly 
+2 p ;  's, -1 p 

20%; about 4. 
-2p; 's, -1 p 

15%; about 2, 
-2 p; -1 p 

15%; mostly 
I -2 4 D  -1 

5%; mostly t 2  p 

40%; slightly degraded; 5%; mostly -1 p 10%; well degraded; 1070 dolomite; 
all  -2 p; mostly -1 p; moatly -1 p montmorillonite 
mixture di- and 
trioctehedra 1 

loo/.; we l l  degraded; a l l  Trace; mostly 5%; well degraded; 10% dolWlte 
moatly -1 p -2 p; 1 4 ,  -1 p; mlxture -1 p 

of di- and trloctahedral 

257.; slightly degraded; 5%; mostly -1 p 10%; well degraded; 10% dolomite 
all -2 p; mostly -1 p; 
mixture dl- and tri-  
octahedral 

mostly -1 p 

307.; slightly degraded; 57.; mostly -1 p 10%; slightly de- 
a l l  -2 p; mostly -1 p; 

some trioctubedrat 

graded; mostly 

mostly dioctehedra 1, -1 I' 

25%; slightly degraded; 5%; moatly -1 /.d 10%; slightly de- 
a l l  -2 p; mostly -1 p; 
mixture of di- and 
trloctahedrul 

graded; mostly -1 p 

1570; entirely a random mixed-layer aasemblsge of 
three-layer clay mheralo 

dolomite 

15% dolomite 

35% dolomite; mostly 
1 +2p;  4' -2 p 

Notes: The qunntitntive differentlation of kaolinite and chlorlte As difficult. In every case the V E h 8  for kaolinite fa perhaps high and [or chlorite it may 
be low. 
Particle sizes are those following dispersion In water. 
Trace is less than 5%. 
Unless so indicated. It is impossible t o  determine polymorphic form of illite, that is, whether dioctabedral (muscovite) or trloctahedral (biotite), 
and form of dloclahedral types. 

I .  . 



3. Fracturing Experiments 1 and 2 

The review of the petroleum industry’s original suggestion by E committee of the Earth 
Science Division of the National Academy of Sciences-National Research Council brought to our 
attention a long-standing controvetsy in the petroleum industry 8% to the orientation and geometry 

of the fractures formed as the result of various oil-field operations and, praticulaly,  whether it is 
poiisikle to control, by the u(0c of epecid methods or equipment, the d e n t a t i o n  of the fractpros 
tbat will be formed at a particular site. The aspects of this complex prublem that a m  m o s t  
pertinent to waste disposal are as follows: 

When a fluid which does not penetrate the wall rock is pumped into an une4sed well, the pres- 
sure expands the diameter and hence the circumference of the well, and a vertical fiacttlrr? or 

fractures will form and radiate out ftom tf#! well bore. However, i f  the well is cased, as the 
disposal w e b  will  be, this outward pressure will be contained by the casing, and this cause of 
vertical fracturing will not apply. 

If the fluid escapes from the well bore, ot through openings in the casing, into a comparatively 

permeable formation, the fluid p n s s u t t  in the pores of a c ~ s i c k r a b l e  volume of the formation 
will be increased, and, if increased sufficiently, a fracture or fractures will form normal to the 
smallest compressive stress in the rock. In areas of recent or current normal faulting (Le., 
faulting which accompanies a locd lengthening of the crust), this least stress will be horizontal 
and normal to the faults. This appears to be the case in many ail fields, and, although no com- 
prehensive statistical study has been made, some petroleum geologists believe that more vertical 
than horizontal fractures have k e n  formad in oil wells. Oil fields, however, ds not necessarily 
represent an average sample of sedimentary rocks. In areas where reverse faults or folds show 
recent compression of the rocks, the least stress at any point in depth will probably be the pres- 

sure due to the weight of the overburden, and the fracture will be horizontaf. Ln areas  of refatively, 

‘M. K. Hubbert and W. W. %bey, ‘aRote of Fluid Pmasuro in Mechanics of Overtfimst Faulting,” 
Geol. Soc. Am. Buff. 70, 115 (1959). 

*M. B. Hubbert and D. G. W i l l i s ,  “Yechaics o f  Hydraulic Fracturing,’’ /. Petrol. T e c h o f .  9, 153 
(1 95 7). 

3 

‘‘Part II. Fncture Onentabon and Possibility of Fracture Control” (Circular 2521, Illinois Geol. Survey, 
Urbena, Ill., 1958. 

R. C. C l d  and J. J. Reynolds, ‘“Vertical Hydraulic Fraduring,** Oil Cas 1. 53, 104 (1954). 

J. M. Cleary, “Hydraulic Fracture Theory, Part I. Mechanics of Materials’. (Circular 251) and 

4 

’C. D. Fraser a d  B. E. Pettitt. “Rasults of Field Test to Dcttmuaa tbe Type pad Onentation of n 
Hydraulically fadused Fomrmtioa 3. Petrol. Technol. 14, 463 (1962). 
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undeformed rock, and these will probably include those best suited for waste disposal by 
hydraulic fracturing, the s ta te  of s t r e s s  of the rock in depth will be uncertain; this is one of the 
reasons why each proposed disposal area will have to be individually tested. Particularly in the 
case of a permeable rock, the state  of stress in the rock will be of great importance in determining 
the orientation of any fractures formed in it. 

A controversial question in the petroleum industry is whether horizontal fractures can be 
formed by hydraulic pressure in the fracture less than that due to the weight of the overburden. 
A horizontal fracture of limited extent may be formed by compression of the overlying and 
underlying rock, which would s e e m  to require an increase in pressure above that previously 
present. As the rock a t  any point must ,  in general, support the weight of the overlying rock, 
this would s e e m  to require a fluid pressure in the fracture greater than that due to the weight 
of the overburden. An extensive horizontal fracture will l if t  the overlying rock, and for this a 

pressure at least equal to that due to the weight of the overburden would seem to be required. 
Where a fracture is observed to form a t  a pressure less than the weight of the overburden, 

one of the principal horizontal stresses in depth can be presumed to be low, as in an area of 
normal faulting, and a vertical fracture almost certainly has been formed by compressing the 
rock normal to this stress. However, this straightforward argument is  not universally accepted 
by the petroleum industry because there have been a number of instances, largely undocumented, 
in which fractures formed at what appeared to be less than overburden pressure intersected 
several adjacent wells. This could hardly be the result of a vertical fracture, although some 
geologists have argued that the relief of pressure in the rock near a well, resulting from the 
drilling of the well, could “guide” a vertical fracture into the well. More reasonable, but still 
tentative, possible explanations are given below. 

Pressure measurements made at the wellheed, as is a l m o s t  universally the case in the 
petroleum industry, have been shown to be an unreliable measure of the pressure in the fractureP6 
so that some,  but hardly all, of the apparent anomalies may be the result of inaccurate field 
data. 

Differential compaction of the rock may result in  an uneven distribution of the load, and the 
fracture may follow the path of least resistance, parting the rock where the pressure i s  less than 
aver age. 

A thin relatively permeable formation, underlain and overlain by a less permeable plastic 
rock such as shale,  may not fracture like a brittle rock, to which the laws of Newtonian mechanics 
are more rigorously applicable. For example, during well drilling some of the shale  may squeeze 
into the well bore, locally reducing the pressure of the overburden on the permeable fozmation, 
which could then be fractured at a lower pressure.7 

- 

‘J. K. Godbeg and H. D. Hodges, “Presaure Measurements During Formation Fracturing Op~tatioa5,~* 
paper praseatad at Annus1 M e e t i n g  AIME. Dallas, Tex., Oct. 6, 1957. 

‘Yu. P. Zheltou nnd S. A. Ehristinaouicfi, ”The Hydraulic Frcturing of an Oil-Pmducing Formation.” 
IZV. Akad. Nauk SSSR, Otd. Tekhn. Nauk, No. 5, 3 (1955); Aasociated Tech. Services. Translation RJ-742. 
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None of these explanations can yet be accepted, and for out purposes i t  has been assumed 
that the formation and propagation of horizontal fractures requires s fluid pressure in the fracture 
greater thaa t h ~ t  due to the weight of the overburden. This assumption formed the starting point 
for &e fracturing tests with water, which might be used to screen oat ame% with geology unsuited 

for disposal by hydraulic fracturing. These tests, however, included not only relatively reliable 
measurements of the pressure a t  the surfact during the fracturing but also the pressure BS a 

function of time after the fracture had been completed and the volume of water recovered when 
the well was later perrnitted to flow. If the results of a similar test  in another erea closely 
resembled those obtained a t  Oak Ridge, where the fractures are known to follow the gently 

dipping bedding pianets, the presumption would be that the fractuRs ia the other m a  w e t t  

also essentially horizontal. 
Al l  the fracturing pressures at Oak Ridge have been appreciably greater than that due to the 

weight of tfre overburden, and so alf. the fripctuffs may bt presumed to have followed the bedding 
planes. 4 

FIRST FRACTURING EXPERIMENT (OCTOBER 7959) 

The disposal of radioactive w a s t e s  cannot be based on pnsumptitm, and so t h e  experimental 
hjectioas wen made into the shale at Oak Ridge, and the fracture pat- wes detenniaed for 
each. The’first experiment was intended to tes t  the testing method. airat is, to see if a cement 
grout tagged with a radioactive tracer could be injected into the shaie by hydraulic fracturing 
and if core drliing aod gamma-tay logging could be used to map the fracture formed. ThC site 
selected for this first erperiasent was in the lower Caarpsauga &ale, neat the contact between 
the Puaaplrin V&ey member and the Rutidget. The injection welt, about 300 ft deep, had been 
drilled ia connection with earlicr weck ut &e site which had dso included some shallower core 
drilling and 8 $&alloff 70&ft-lang cut with ZI bulldozer from which had been constructed a detailed 
north-south sttuchue section. (Unless otherwise spetlified, tbe directions used in the following 
sections of this report will be the Oak Ridge coordinate system, in wkiCh “north” is 3 4 O  13’ 
wem of true north. Although devised for ozber reasons, the plant cowdinates have the advantage 
that ‘‘nor&’’ is directly up dip zmd that ‘*east” and “west” ere on the h e  of strike.) The 
injection we11 started in the RntMge and passed into the Pumpkid Valley at a depth of about 
100 ft. At first tfat change in color &om gray to red was uscd to locate this contact, but later 
all stratigraphic correlations were referred to  the three limestone beds, each roughly 5 f t  thick 
and spanning a vertical interval of about 20 ft, which form a much mare reliable guide to this 
contact, paticulariy in the gamma-ray well  logs. 

Test Msihods 

The first injection was made through a slot cut in the casing at a depth of 290 f t  and 
colusisted of 27,000 gal of a mixture of water, cement, and diatomaceous earth, tagged with 



35 curies of 137Cs. The cement and diatomaceous earth were brought in dry in transit-mix 

concrete delivery trucks and were mixed and pumped into the w e l l  by the Dowel1 division 
of the Dow Chemical Company, one of the major oil-field service companies, using standard 
truck-mounted oil-well fracturing equipment. The cesium tracer w a s  added at the wellhead by 

a small high-pressun metering pump (Fig. 3.1). 
The day before the injection, the fracture w a s  initiated with water. The pressure was built 

up slowly to 2300 psi, at which point the shale parted and the pressure fell abruptly to 1000 
psi, and in 15 min to 700 psi,  while the pumping rate increased from 0 to 300 gpm. A total of 
1400 gal was pumped into the wel l  at this time. On shutting down the pumps, the wellhead 
pressure dropped abruptly to 300 psi, so that the static pressure in the fracture must have 
been 425 psi [300 psi  + (290 f t  x 0.433 psi/ft)]. The pressure due to weight of the rock a t  a 

depth of 290 ft would be  about 300 psi if the rock had a specific gravity of 2.45. The specific 
gravity of the unweathered shale,  below a depth of 100 ft or so, is probably near 2.65; but in 
any c a s e  the fluid pressure which formed the fracture was appreciably greater than the weight 
of the overburden. 

Twenty-two core holes were subsequently drilled in the area, and from the cores, from 
gemme-ray logs of the core holes, and from surface geologic mapping, the cross sections and 

Fig. 3.1. Hfgh-Pressure Lines from Pump Trucks, W o l l b d ,  Shimidad Tank for Tracer, and Small Tmcer 
Injection Pump. First frocturinq expmrimont. 



map shown in Figs. 3.2 to 3.4 were prepared. These show that the grout-filled fractu ,  fallwed 
the bedding closely, moving in general north up dip and to the east and northeast. To the west 

tfie movement was apparently blocked by sharp folding and a hard smdy lens in the shale. T)le 

450- 
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Fig. 3.C. First Fracturing E-ariment, 4-acre Site, Oak Ridge. 

smaller drag folds and the few minor faults appear to have had but little influence on the fracture, 
although two larger overturned drag folds appear to have caused the sheet to divide into two. 
Down dip the sheet appears to have broken upward a shod distance across the bedding. 

The elevations of a network of bench marks in the area were determined before and after the 
injection. High-precision equipment was not available, and the results were ody sufficient to 
suggest that the cock over the grout sheet had been uplifted by about the thickness of the grout, 
which in the recovered cores ranged from about 5' in. (0.02 ft)  near the injection we l l  to paper 
thin about 400 f t  to the north. 
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ThC m o s t  important result of this first experiment was pmof that the method could be used 
to determine the precise underground location of the tagged grout sheets. In work with the 
cores a G 4  survey meter makes it  possible quickly to locate thin seams of grout which might 
otherwise have been overlooked, and gamma-ray logging of the  wells, in this and in pll subsequent 
work, has in every case been able to pinpoint the location of the fracture in tach test  hole or to 
show that the hole had not intersected it. The formation of a bedding plane fracture at so 
shallow a depth was not in itself a matter of much importance, although the result was encouraging. 
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SECOND FRACTURING EXPERIMENT (SEPTEMSER 1960) 

The second fracturing experiment was carried out about 6000 ft east of tb first. Work began 
with the drilling of a 3-in. core hob, which ancountered the Rutledge-Pumpkin Valley contact 
at about 650 f t  and the top of the Rome formation at about 1000 ft. The injection well was 
located 30 f t  east of the con hole. The fizst injtctron was made into a slot  at a depth of 934 ft 
and consisted of 91,500 gal of water, cement, and bentonite clay tagged with 25 curies of 37Cs. 
Ptessure readings were taken at the wellhead of the injectioa well  and also at the top of tbe 

core hole, which had been converted into an observation wel l  by casing i t  down to a depth of 
890 ft, below which it was open hole. At a depth of 934 ft tbe pressure due to  a rock overburden 

with a specific gravity of 2.65 would be 1076 psi; the  pressure observed at the surface in a s ta t ic  
observation well filled with watur would be 673 psi. 
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Fig. 3.5. 5 . ~ 4  Fmciuring Experimmt, Fint Injustion, h p t .  3, 1960. 



hole, where the pressure at the wellhead suddenly went to 800 psi. The 600 psi difference 

between the pressures in the injection well and the observation well  was due to friction loss, 
largely in the fracture, which presumably was very nanow, as it had just  been formed. The 
distance in depth between the two wells is uncertain but i s  probably of the order of 20 to 40 ft. 

The water w a s  bled back out of the injection well, and the pressure in the observation well 
fell to 350 psi in about 100 min. The main injection of the watercement-bentonite mixture, 
which had a nominal density of about 12.5 lb/gal, was then started. The initial pressure 
required to inject the grout was about WOO psi, but this dropped somewhat erratically over 

a period of about 40 min to a pressure of 1700 to 1750 psi, which was maintained throughout 
the remainder of the injection, except for a brief period when the injection rate was increased 
from 135 gpm to 150 gpm and the pressure rose to 1800 or 1850 psi. 

The grout broke into the observation wel l  about 9 min after the injection had started,  and the 
pressure gage on his well jumped suddenly to 1400 psi. In general this pressure, which is of 
course a measure of the true pressure in the Gacture, rose slowly but steadily during the injection 
and reached a value of about 1700 psi a t  the end. The difference between the wellhead pressures 
in tht two wells was therefore about 900 psi at the start  of the injection, about 200 psi  after 1 hr, 
and only 50 to 100 psi  after 11 hr. Because the grout had a aominal density of about 12.5 lb/gal, 
the readings in the injection well should be increased by about 600 psi to give bottom-hole pres- 
sure, and the readings in the water-filled observation well should b e  increased by about 400 psi 
to give the pressure in the fracture. After these corrections, the friction loss when pumping the 
grout, which had an apparent viscosity of about 15 poises, varied from about 1100 psi at  the 
start to 400 psi after 1 hr of operation and was about 250 to 300 psi a t  the end. These are 
maximum differences, for there is some reason to believe that the density of the grout was a 

little less than 12.5 lb/gal. These readings are the o d y  ones m a d e  in  which it is possible to 
compare the wellhead pressure in the injection well with the actual pressure in the fracture. 

Examination of the cares strongly suggests that the shale  has negligible tensile strength 
normal to the bedding, so that the 15OO-psi breakdown pressure required to initiate the fracture 
represents the pressure required to force open the s ides  of the fracture sufficiently to permit 
the flow, not the force requited to break the rock in the usual sense,  This would explain the 
appreciably higher pressure required to pump in the more viscous grout, even though the pumping 
rate was the same as with the water, for the fracture would have had to be forced wider open. 

The rapid, somewhat irregular drop in the wellhead pressure of the injection wel l  during the 
f i t s t  40 min, accompanied by a slight rise in pressure in the fracture a t  a distance estimated to 
be between 20 and 40 ft out from the injection well, shows that this pressure drop i s  due to fric- 
tion in the fracture near the injection well and that the decrease in the injection pressure is 
a l m o s t  certainly due to an increase in the width of the fracture during this period, not to a 
drop in pressure in the fracture itself. Pressure measurements made a t  the wellhead of the 
injection well during all subsequent injections a k o  showed a decline in pressure as the 
injection progressed. Presumably, these also were due to a progressive widening of the 
fracture, although other explanations are possible. Unfcutwately, partially cased observation 
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wells to measure the pressure in the fracture are awkward to construct, and no more were 
used; however, in retrospect the data they provide appear to be particularly enlightening. 

with mat cement grout back up to a depth of 7w) ft below f a d  surface. Six days later a seed 
slot was cut in the injection-well C8dng at a depth of 694 ft, and the well was broken down with 
water at a pressure of 1800 psi, which increased to 2500 p s i  at a pumping rate of 275 gpm. After 
20 min of pumping at this rate, the pressure had fallen to 2000 psi; when the pumps were stopped 

the static pressure noted was 1500 psi. Th i s  water, 6300 gal, was  not backflowed. 

At the close of the first injection of the second experiment, the injection weil was plugged 

The next day (Fig. 3.6) the well was again broken down with 4000 gal of water at a pumping 
rate of 250 gpm and a pressure of 1800 to 2000 psi. Twenty minutes later the main grout injection 
was started at a rate of 230 @in a d  a pressure of 2200 pi. Smdl pieces of hard rack in the 
cement interfered with the operation of pumps, so that the time-pressure curve is complex. The 
pressure fell from 2200 to 2000 psi duriag the first 80 min and then held constant until, after 200 
min, the pumps had to be shut down for 20 min. When the injection was resumed, the pressure 
required was once more about 2200 psi, which after about 100 min dropped again to 2000 psi. 
After about 460 min the trauble with the pumps, which had caused brief variations in pumping 
rate and pressure not shown in Fig. 3.6, had been corrected, and the pumping rate w a s  facreased 
to 290 gpm. This rosd ted  d a third rise in pressure, to about 2300 psi,  which dropped after 40 
min to 2200 psi. This pressure was maintaintxi until the end of the injection. 

+ 

Results 

About 24 core holes were subsequently drilled in the area,  and the extent, depth, and thickness 
of the two grout sheets  as well as the locations of tbe upper and lower contacts of the PEUnpkin 
Valley &ale were more or less well defined. Maps and sections, cofiected for the deviation of 
these core holes from the vertical, showed that these fractures also hatl been closely gaided by 

Fi9. 3.6. Sreond Pructuring Experimmt, Second Iniection, Sept. 10, 1960. 
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the bedding, although each had tended to work i t s  way upward stratigraphically as it moved out 

(Figs. 3.7 to 3.10). For example, the upper sheet, which was injected at  a point about 50 ft lower 
stratigraphically than the three limestone beds, was found closer and closer to  the beds to the 
east of the injection wel l  and intersected them about SO0 €t to the east. This u p w d  displacement 
is believed to have taken place where the fractures broke across the crests of small drag folds in 
the shale,  although there is no direct evidence for this. 

Surface Uplift 

A network of 33 bench marks was installed in the area, radiating out in six lines from the 
injection wel l  to distances of from 400 to 1200 f t ;  the longest line w a s  to the north and the 

Fig. 3.7. kcond Frochiring Experimmt. 



47 

shortest to the south. Relative elevations wen established to within the nearest thousandth 
of a foot prior to the first injection and subsequent to each of the two injections. These 
eltV8tiOn6 were determined by the U.S. Geological Survey. Figure 3.9 shows the surface upLift 
resulting from the injection of the lower grout sheet, which had moved up dip from the injection 
well in a long narrow sheet. Unquestionably, the surface uplift was much more extensive than 

the grout sheet. 
The surface uplift appesus to be centered south of the center of the grout sheet. However, 

the grout sheet slopes to the south, and, as may be seen from Fig. 3.7, a line projected upward 
from the center of the grout sheet, normal to it, would intersect the land surface at about the 
centaz of the area d surface uplift. 

Two complete cores and one partid core containing the grout sheet were recovered. Examina- 
tion of these suggested that the amount of uplift at a point on the surface underlain by the grout 

sheet was about equal to the thickness of grout directly below it. This reiation is believed to 
be coincidentnl. 

The uplift produced by the second (upper) injection w a s  also much more extensive than the 
grout sheet (Fig. 3.10) and also c m t e n d  around the point where a line projected upward nonnal 
to the grcnxt sheet at its center would intersect the land surface. 
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fig. 3.9. Soeond Fracturing Experiment. Observed rurfoca upl i f t  due to iniection of lower grout shoat 
compared to ertont and thicknors of p u t  rhoet. 

Six cons of this sheet were recovered in which the thickness of the grout could be measured, 
and these thicknesses agreed generally with the amount of surface uplift directly above. 

The U.S. Geological Survey also made very precise measurements of the tilting of the land 
surface at two locations during the first  injection and at three during the second.' The locations 
of the tiltmeters a n  shown in Fig. 3.10, and the observed tilting is shown in Figs. 3.12 and 3.13. 

Just  prior to the first injection, the 200-ft interval spanned by the west tiltmeter slowly 
tilted away from the injection well, pmbebly as the result of earth tides. This movement was 

'F. S. Wy, "Tiltmeter Yeaauramcantr During Hydraulic F m a i i n g  Experiments at Oak R i d e ,  Ten- 
nessee," U.S. God. Sum., Profess. Pepcr 424-8, p. 317, 1961. 
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not affected by the breakdown with water a t  -100 min and only increased in rate about 100 min 
after the main grout injection had started. 

The  100-ft interval spanned by the east tiltmeter tilted slowly toward the  injection we l l  at 

the start  of its period of r e c o r d .  This movement reversed about 40 min after the injection 
started, but marked tilting away from the well only began about 100 min after. 

These  data  suggest that during the first 100 min of the first injection, the space for the 
fracture was created by compressing the immediately adjacent rock but that later, after the 
fracture was more extensive, the space was provided by uplifting the rock cover. 

Tiltmeter data for the second (upper) injection show a somewhat different pattern. The 
intervals spanned by all three tiltmeters began to tilt away from the injection well as soon 
as the injection started (Fig. 3.13) and, indeed, may have started to tilt away when 4000 gal 
of water was pumped into the fracture 20 min prior to the start of the grout injection. Conditions 
on this Occasion, however, differed importantly from those of the preceding injection. This  
t ime the well had been broken down the day before (September 9) with 16,000 gal of water 
which had not been bled off. On September 10, prior to any pumping, the wellliead pressure 
on the injection well  w a s  about SO0 psi ,  or almost exactly the pressure due to the weight of the 



Fig. 3.11. Second Fracturing Experiment. A t  center, wellhead with two pipelines conmctod to pump 
bucks, and shieldod contoiner for t~acar. In background, 20-ton bulk cement truck. 

rock cover. Therefore, when the injection started on September 10, there was already a fracture, 
probably not very wide but fairly extensive, filled with water at  very nearly the overburden 
pressure. More importantly, when the first (lower) injection was made, the overlying shale was 
in a “relaxed” condition, and the fracture apparently formed by first compressing and then later 
by uplifting the overlying rock cover. However, when the second (upper) injection was m a d e  a 
week later, the rock cover was still under stress, that is, still compressed; and rather than 
c o m p r e s s  further, the space for the second fracture was made, even initially, by uplift of the 
cover rock. 

The widespread surface uplift extending well out beyond the outer l i m i t s  of the grout sheet 
can be explained, qualitatively at least, on the basis of the shearing strength of the shale. This 
has not been measured, but the rock is well indurated and has a crushing strength normal to the 
bedding of 7780 psi,  parallel to the bedding of 4870 psi, and at  45’ to the bedding of 3810 p s i ,  
as measured in the laboratory on s m a l l  samples. The shale has virtually no tensile strength 
normal to the bedding. 
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Fig. 3.12 Uplih of Closer Piers Relotiv. to More Dirtont Piors, Sept. 3, 1960. Tiltmeter mearurements, 

second fracturing experiment, lower inioction. Data from USGS. 
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Fig. 3.13. Uplift of Closer Piars Rolatlve to More Distont Piers, k p t .  10, 1960. Tiltmator mearure- 
ments, second fracturing experiment, upprr injection. Data from USGS. 

... 

Measurements made in the observation well during the first (lower) injection of the second 
experiment showed that the pressure in the fracture was substantially greater than the pre- 

existing vertical pressure, which may be taken as  the weight of the overburden. Because the 
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shale is not rigid, it must have been somewhat compressed by this increase in pressure, and 
apparently in the initial s tages  the opening formed by the partings of the shale m u s t  have been 
provided by this compression. The high pressure drop in the vicinity of the injection well, as 

shown by the big difference between the pressures in the injection and observation wells, shows 
that in this early stage the fracture was narrow. The pressure difference, however, decreased 
rapidly at first and then more  slowly as the injection pressure dropped, indicating that the 
fracture got increasingly wider as the injection proceeded. However, in ail three injections, the 
pressure required to propagate the fracture was  always substantially higher than the pressure 
due to the weight of the overburden. Reference to Fig. 3.14 will illustrate qualitatively why this 
is so. At the stage illustrated the grout-filled fracture has  moved out far enough from the injec- 
tion well so that substantial surface uplift has resulted. The rock mass shown in section may 
be divided into three zones. The first, directly over the grout sheet,  is subjected to a vertical 
force upward, and the rock is compressed by this force. Around this zone is a ring-shaped 
zone, triangular in cross section, in which the rock is subjected to a shearing force as the 

result of the upward movement of the adjacent rock mass, the m a s s  directly over the grout 
sheet. The shearing force within this rock mass acts, in a sense, like a tensional force, 

ORNL-OWG 64-6537 
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in that it reduces the  compressioDal force due to the weight of the rock. As a m u l t  thc m k  
expands, and the surface uplift in this zone is  an expression of the increase in volume. In 

the third, outer, zone the rock is undisturbed by the injection. The boundaries between the 

wnes are probably not shazp, nor are they necesssuily straight lines when seen in section, 

as shown in Fig. 3.14, but the generalization is useful. For example, the fluid in the fracture 
has to lift up not only the directly overlying rock, zone 1, but also the  rock in the ring-shaped 
surrounding zone, zone 2, which explains why the presswe in the fracture has  to be so much 
greater than that required t o  move only the vertically overlying rock. fn the injection at 934 It, 
the weight of the overburden was about loo0 psi; the pressure in the ftacturpc at the end of the 
injection was about 2100 psi. This might suggest that, as a first approximation, the volume 
being uplifted should have been twice the volume of rock directly over the grout sheet. 
However, the volume was mucb larger than this. But the uplift was not the nsu l t  of bodily 
lifting all the rock against the fosce of gravity; the uplift in zone 2 was due to a partid 
relief of Laad due to the  sheering force, so that the rock expanded. This expansion would 
be determined quantitatively by the modulus of elasticity of the shde awl the distribution 
of forces; within it, a very complex problem. 

The volume of the surface uplift, which haa roughly &e shape of a thin slice taken from 
a very large sphere, m u s t  be apprmimately equal to the volume injected, minus the volume 
reduction of the  rock compressed in zone 1, plus tlte volume increase of the rock in zone 2. 
In the f i r s t  (lower) injection of the second experimerrt, the compression of the overlying rock 
must have been considerable if one accepts the evidence of tbe tiltmeters that no surface 
upiifi wms produced during the first  100 min of pumping. Indeed, if the experiment had 
stopped at this poiat, all  of the volume injected would have been taken up by rock campxession. 
As it was, the total volume injected was 12,300 €ts, and the volume of the “dimpleyy formed by 
the surface uplift was about 5020 ft3. Apparently the rock compression in zone 1 was greater 

then the rack expansion in zone 2. 
The  second (upper) injection of the second experiment was not entirely independent of the 

first, in that some of the rock was already compressed up to the limit where surface uplift 
commences, as was shown by the liltmeters, which indicated further surface uplift starting 
immediately after the injection started. The volume of the second injection was 17,700 ft3; 
the volume of the additional surface uplift caused by this injection was about 22,800 €t3. 
Apparently, in this case,  the volume increase in zone 2 was greater than the volume 
reduction in zone 1. 

The observation that the thickness of the grout sheet in the cores is in general equal 
to the overlying surface uplift is incompatible with the preceding discussion. Directly over 
the grout sheet the rock cover is compressed, and the surface uplift must be less than the 

thickness of the grout. The mixes used in the two injections of the second experiment were 
not designed, however, to retain all the water; in fact, later work shows that the solids would 
settle in such a mix, leaving clear water on top after the cement had hardened. The f i s t  
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core hole, but only the  first, drilled into the upper grout sheet  six to eight weeks after the 
injection, flowed slowly for a long time. The density of samples of the grout recovered and 

the total weight of solids injected suggest that the first injection formed 2700 ft3 of solid 
gout ,  leaving 9600 f t 3  of excess  water, and the second injection formed 9080 f t 3  of solid 
grout, leaving 8700 ft3 of excess  water. Much of this excess  water still m u s t  have been 

ia the fractures when the leveling was done, but later it must have squeezed out slowly into 
the wal l  rock and/or migrated elsewhere. Certainly it was not included in the measured 
thickness of the solid grout. So the width of the fracture at the time of the leveling was 
greater than the observed uplift, and the apparent relation noted w a s  fortuitous. 

Several factors suggest that following the injections there should have been a slow 
subsidence of the surface area uplifted. The free water would have slowly migrated into 
the wall  rock, despite i ts  low porosity and permeability, some laterally into zone 3, and 
some diagonally upward into mue 2. More important, the shale  being slightly plastic, the 
area uplifted by the shearing forces in zone 2 would have settled as these forces were 
dissipated by flow in the rock; indeed this area might be expected eventually to return 
to i t s  original position. Because the load bearing down on zone 1 is in part due to the 
transfer of load from zone 2, the slow dissipation of this stress by plastic flow would 
permit the rock in zone 1 to expand. This  would counter the postulated subsidence of the 
surface uplift over zone 1, which w a s  based on a speculative conclusion that the excess water 
w a s  squeezed out of the fractures. 

A resurvey of the experimental area in 1964 by m e m b e r s  of the Laboratory engineering 
staff, who by now had acquired high-precision equipment, showed to our surprise that the 
whole area had returned to  essentially its original position (Fig. 3.15). A few of the bench 
marks did not, but the general pattern is unmistakable. In default of any “reasonable” 
explanation, the author’s present opinion is that this return to the preinjection elevation of 
the land surface, over both zone 1 and zone 2, results from some fortuitous balancing of 
factors and is not necessarily the result that should be expected. 

The design, location, and use of monitoring and observation wel l s  is to ensure that no 

underground failure has  taken place. An underground failure might mean that the waste 
injections had formed vertical rather than horizontal fractures, or it might mean a faulting 
or other failure of the cover rock which would permit the movement of groundwater or was te  
through rock which had previously been essentially impcnneable. 

Proof that several  bedding-plane fractures were formed is no assurance that they wi l l  
continue to form with continued injection of batch after batch of waste into closely spaced 
slots in the injection well. There is some reason to believe that the shale  is sufficiently 
plastic that over a period of several years the bulk of the stresses produced by an injection 

wi l l  have been dissipated, but there is no proof of this. There could conceivably be, with 
repeated injections, a continuing buildup of vertical s t ress  in the cover rack over the grout 
sheets, that is, in zone 1. This,  if it OCCUR, would promote the formation of vertical fractures, 
which become more probable where the vertical stress exceeds the least  horizontal stress. 
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Fig. 3.15. Surface Uplift ond ktbsidoneo ksond Ftacturing Expdrnent. 

On the other hand, in zone 2, any unrelieved shearing stress would tend to reduce the overburden 
pressure, so that any grout sheet breaking out into an area not underlain by earlier grout sheets 
wodd find its further extension along the bedding plane facilitated by a reduction in the vertical 
stress. 

With these ideas in mind, a single prototype well  for monitating by gamrna-ray logging 
(Fig. 3.16) was installed 150 ft north of the injection well at the plant site.  The injection well 
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Fig. 3.16. W e l l  Layout. 

itself, 1050 ft  deep, penetrated the same formations at almost exactly the same depths as the 
injection well used for the second experiment. The monitoring well was constructed much like 
the disposal well in that it w a s  cased all the way through the Conasauga to the top of the Rome. 
The inner diameter of the casing, however, w a s  2% in., one of the  smaller sizes in which i t  is 
possible to  get high-sttength oil-field tubing. The idea was that following each injection a 

gamma-ray log would be m a d e  by lowering the probe down the well, and a new peak would be 
recorded where the fracture from the most recent injection intersected the well; or no new peak 
would be recorded if the fracture had not intersected the well. Use of a net of such monitoring 
wel l s  around the injection w e l l  would permit a rapid determination of where each grout sheet 
had gone very soon after it had been injected, without the expense of drilling and plugging a 

number of test holes. 
The bottom 300 ft of the prototype monitoring well was cemented in with a plastic latex-base 

cement because, where each fracture intersects the well, the overlying rock and the casing 
cemented into it wi l l  be raised about ‘/2 in. while the lower section, below the fracture, will 
remain fixed. The latex cement was intended to provide €or saaedifferential  movement between 
the wall rock and the casing, so that the casing would not be ruptured where the grout sheet 
intersected it. The latex cement proved, however, to be either too weak or not sufficiently 



plastic, because the three batches of radioactive material that reached the well  migrated 50 

to 100 ft up along the cement-filled annular space between the casing and the wal l  rock. 
Consequently, although the intersections of the $rout shee t s  with the wel l  could be located 
with reasonable confidence, there is w w  so much radioactive material behind the casing that 
the exact location of the next grout &et may be hard to determine. New wells with a stronger 
cement are being installed, and it is hoped that these will work better. (Two of theme wells 
have s ince  failed, apparently by being puiltd apart where intersected by injection ILW-2 in 
April 1967. The two wells are still usable, but the water in them is slightly contaminated.) 
The basic concept appears sound; the problem is to  design and construct we l l s  with a cement 
bond sufficiently plastic 50 that the casing will not be ruptured even by several feet of surface 
upiift, but strong enough to prevent any movement of radioactive material between the  casing 
and the wall rock. Such monitoring wells will greatly reduce the need for expensive core 
drilling, but some core drilling will  occasionally be required to determiner the exact Iocation 
and condition of the grout-filled fractures. After cumpletion, these core hales  can be converted 
into cased monitoring wells, to replace older wells or to extend the network. 

The safety of the disposal operation depends not only on successive grout shee ts  moving out 
horizontaily and not breaking np vertically toward the surface, but also on the continued 
impermeability of the cover mck. The effectiveness of the  original rock cover as a seal was 
shown (1) by examination of the rock cores, which showed no solution cavities, iron stains, or 
signs of weathering below a depth of a b u t  200 ft; (2) by laboratory tests on samples from the 
cores, which showed penncrabilitieo parallel to the bedding of the order of lo-‘ millidarcy; (3) by 
the very rim dmp in pressure in grout- or water-fiicd fractures after pmping  had stopped; (4) by 
the presence of sodium chloride and gas under low pressure in the Pumpkin Valley shale; and (5) 

by the geothermal gradient, which, when compand with the thermal conductivity of samples of the 
shale, strongly suggested that there is no quantitatively significant movement of groundwater 
deeper than 400 ft below the surface and probably little deeper than 200 ft. 

The gas in the Pumpkin Valley shale, which was encountered in smai l  quantities in several 
of the test wells, was 85 to 9% nitrogen, 1% oxygen, and the rest methane or related hydro- 
carfions. 7 % ~  nitrogen is presumably air which h a s  lost its oxygen to iron or some other pertially 
oxidized material in the shale ,  d the methane was formed from plant remains trapped in the 
shale. They, like the sodium chloride, are presumably connate, to use the term in  its broad sense,  
but whatever their origin their presence shows that the rock cover is virtually impermeable. 

When the disposal plant is in operation it is planned to inject about 200,000 gal of grout into 
a fracture, with the fractures spaced 5 to 10 ft apart over the 300-ft thickness of the Pumpkin 
Valley shale. A single injection of 200,000 gal forms a grout layer in. thick; three such 
injections into the  same fracture would form a layer near the well about 1.5 in. thick. If as 
many as 60 such fractures were formed, the increased thickness of the Pumpkin Valley would 
be 90 in., or about 8 ft. it was thought that the hazard, if any, would come from the stretching 
of the rock cover as it was pushed horn a flat surface into a curved one, but the difference in 
length of the chord and the arc with such widespread uplift would be so small, roughly one part 



in a million for the most extreme case,  that this does not now s e e m  to be the problem. The 

danger area would appear to l ie either along the contact between zone 1 and zone 2, where the 
shearing s t r e s s  would probably be greatest, or along some sloping plane in zone 2 along which 
the shearing strength of the rock mqht  more easily be exceeded than it would be in a direction 
normal to the bedding. In any case, the development of a thrust fault within zone 2 would show 
up as an anomaly in the uplift pattern as determined from the measurement of the bench marks, 
or it  might show up as an increase in the permeability of the cover rock parallel to the bedding. 
The shale has little shearing strength in this direction, and any readjustment of the rock cover 
might wel l  result in differential movement between adjacent beds. A single prototype “rock cover 
test wel l”  w a s  installed 200 f t  north of the disposal plant injection well. This well w a s  cased 
down to a depth of 550 ft and then w a s  open hole to a depth of 650 ft, that is, to a depth roughly 
SO f t  above the highest level a t  which any waste injection is to be made. Prior to any of the 
waste injections, an attempt w a s  ma& to pump water into this we l l  a t  a surface pressure of 75 
psi, but it would not take enough water to measure. 

The attempt was made again shortly after several of the test injections. A t  first the well 
took water a t  a rate of nearly 5 g a l h r ,  which decreased slowly over a 4-hr period to  a little 
less &an 1 ga lh r .  Observation in the gamma-ray monitoring we l l  suggests that the fifth test 
injection did not pas s  under i t  or &e rock cover observation wel l ,  so that following the 
injection the shale  around the wel l s  should have been subject to a shearing stress, and the 

consequent slight opening of a few bedding planes could easily have accounted for the rate 
at which the well took water. Presumably this acceptance rate wi l l  decrease as the stress 

is relieved in the slightly plastic shale  and the rock cover returns to  its original condition. 
The value of such wells for their primary intended purpose, to give warning of impending 

failure of the rock cover, wi l l  depend on a much clearer understanding of how and where 
such a failure might take place. Only in this way can the observation w e l l s  be  correctly 
located aud the data obtained from them properly interpreted. On the other hand, our under- 
standing of s t ress  distribution in the rock cover and of the response of the cover to this 
stress is a complex problem about which probably only hints can be obtained by attempted 
theoretical analyses or model studies. The rock cover observation we l l s  may, therefore, at 
first be of more value for the information they can provide about the effects of stress on the 
cover rock than as strictly monitoring devices. 

All  but the first of the five test  injections made with the disposal plant in the spring and 
summer of 1964 contained some radioactive material. Gamma-ray logging of the cased 
monitoring wel l  showed that injections 2 and 4 intersected the monitoring wel l  and presumably 
passed under the rock cover test  well  just  north of it. Injections 3 and 5 did not intersect the 
monitoring well  and presumably did not pass  under the test well. Figure 3.17 shows the water 
level changes in the rock cover test well. In the case of the fractures which passed under the 
wel l  (2 and 4) the water level started to rise during the injection. In the case of the fourth 
injection, the wel l  overflowed slowly for several days. If the casing had stood a few feet 
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higher, the water level would h v e  maintained, for some time, the level it had reached when the 
injection endcrd, as it did in the case of the secand t es t  injection. With respect to these injec- 
tions, the rock cover test wel l  was in zone 1, when the rock over the grout-filled fracture is 
subjected to compression, and a few gallons of water was squeezed out of the shale into the 
lower uncased section of the well. 

The third and fifth injections apparently did not pass under the rock cover test well. For 
about the first hour after the third injection had started, the water level in the test  wall  rose 
slowly and then started to  fall. In the case of the  fifth injection, the initial rise was more 
marked, but it only lasted for 20 min before the water level started to fall.  The initial rise is 
interpreted as representing the first phase of fracturing formation, where the space for the 

fracture is m a d e  by compressing the over- and underlying wa l l  rock prior to any uplift of the 
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rock cover, Local compression of the shale around the well would be  immediately transmitted 
as a wave of compression for some distance out from the well, which would squeeze a small 
volume of water into the test well and raise its water level. However, when the cover rock 
started to move up, t he  test well. was in zone 2, the zone of shear, and the laterally transmitted 
upward movement would have tended to reduce the load on the lower part, at least, of the cover 
rock, and the resulting expansion would have sucked a s m a l l  volume of water into the shale. 
Later, the water levels slowly returned to their preinjection levels. The rock cover tes t  w e l l s  
therefore unexpectedly provided rather clear-cut evidence as to the stress exerted on t h e  shale 
in their uncased section, and the observed results agree with our earlier expectation as to the 

nature of these stresses. 

Conclusion s 

Fractures in the well-indurated shale of very low permeability at Oak Ridge appear to form at 
first by compressing the rock around the well. If so, the  shape and depth of the slot cut to initiate 
the fracture may be material in ensuring that the fracture shal l  start out parallel to the bedding. 
Once the  fracture has reached some critical s i ze ,  the rock cover over the fracture is moved 
W i l y  upward, dragging with i t ,  by virtue of the shearing strength of the shale, a surrounding 
ring-shaped volume of shale. Two zones may now be distinguished: that over the fracture, in 
which the rock is under Compression, and an adjacent zone in which the rock is under shear. 

With repeated injections and a surface uplift around the disposal wel l  of several feet, the 
possibility that the cover rock may be faulted and consequently its value as a seal impaired 
can hardly be ignored. Also, with repeated injections, the state of s t r e s s  in the shale  around 
the disposal well may be so changed that vertical fractures will form. This  appears unlikely, 
but two types of monitoring w e l l s  have been tested in prototype: one in which the location of 
the individual grout shee t s  can be plotted by gamma-ray logging and one which can be used to 
make regular checks on the permeability of the rock cover. Periodic measurements in these 
wel l s ,  exact determinations of surface uplift, and a close watch over the breakdown and 
injection pressures inquired should give adequate warning of any change in conditions which 
m i g h t  adversely affect the continued safety of the operation. However, the more we learn 
about the complex rock mechanics of the operation, the more efficiently we can locate o u  

monitoring and observation wells and make use  of the data from them and other measurements 
of the movement of the rock cover. 



4. Water Injection Tests 

Water injection tests were first discussed at a meeting of the Advisory Committee OR Waste 
Disposal on Land of the Earth Sciences Divis im of the NAS-NRC, held a t  Savannah Rivtr, Georgia, 
an December 7 and 8,1961. The first report on the second fracturing experiment, presented to the 
committee a t  that time, showed that the fractures were conformable, and the discussion that fol- 
lowed centered around the committee’s admonition that the ability to create conformable fractures 
s h d d  not be taken for granted in other areas. Indeed, it was the CONWSUS that the subsurface 
formations at each site considered for disposgl by hydraulic Iracttrring; wmid have to be tested. 
This raised the question 8s to whether relatively inexpensive fracturing tests with water cculd be 
used, if not for final evaluation, at least to eliminate sites that would be definitely unstlitable. 
The conclusion was that if fracturing tests with water required pressures somewhat greater than 
the overburden pressure, horizontal fracturing could be presumed, though not proved; but, if fractur- 
ing pressures wcze less than the weight of the overburdea, ttbe fractures could not possibly be 
horizontal. Admittedly, there might be tests in which the pressure would be roughly equal to the 

weight of the overburden, in which case no conclusions would be possible. Our present opinion is 
but little changed, although as  explained later, we now feel that the static shut-in pressun should 

be used rather than the dynamic pressure observed wbile pumping is in p r o p ~ s .  

An additional incentive for making water injection tests at Oak Ridge resulted &om develop 
ment work on the waste-cement mixes suitable for use in the forthcoming injections of ORNL’s 
intermediate level waste. The immediate point of interest was that fluid-loss additives were re- 
sponsible for about half the cost of the ingredients in a mix which at that t ime appeared to come 
closest to meeting our requirements. However, there was no assurance that for our purposes low 

fluid loss was necessary or even desirable. The fluid-loss additives used in the petroleum in- 
dustry and the laboratory methods employed to test the fluid loss of mixes are both designed for 
use in the fracturing of rocks, such as sandstones, which have permeabilities four or five orders 

of magnitude higher than the permeability of the Conasauga shale. These considerations raised 
the foilowing questions: (1) Is there fluid loss when water is injected into the lower Conasauga 
shale by fracturing? (2) If so, where does the fluid go? (3) Can the fluid lass be reduced by the 

use of conventional fluid-loss additives? The purpose in making the water injection tests was to 
find answers to these questions and to record the results of a ser ies  of water injection tests in 
an environment that earlier work had shown would probably produce bedding-plane fractures. 

6 1  
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WATER TEST PROCEDURES 

. Four water injections were made between June 4 and October 17, 1963. The first three, with 

clear water into a slot a t  a depth of 988 f t  in the injection w e l l  a t  the frachuing plant s i te ,  used 
volumes of 2000, 50,000, and 23,000 gal. The fourth injection, with S0,OOO gal of water contain- 
ing fluid-loss additives, was made into a s lot  in the same well a t  a depth of 96.5 ft. The fluid- 

loss additives were 600 Ib of bentonite, 800 l b  of starch, and 250 Ib of paraformaldehyde to pre- 
vent bacterial decomposition of the starch. The first tes t ,  which was terminated after four days, 
served primarily to establish the procedure used in the later tests. The final phase of the second, 
third, and fourth injections each extended over about 50 days. 

The test  procedure consisted of five phases: (1) injecting the water (or water plus fluid-loss 
additives); (2) shutting the well in for 48 hr and observing the drop in pressure - designated a s  
the “first shut-in” phase; (3) opening the well €or 48 hr, but limiting the flow rate to 10 gpm 
until the natural flow rate fell below this  value, and observing the flow rate and volume back- 
flowed as a function of t ime - designated a s  the “first backflow” phase; (4) shutting the well in 

again for 24 hr and’observing the pressare rise a s  a function of time - designated a s  the “second 
shut-in” phase; and (5) reopening the well and observing the rate of flow and total cmula t ive  
volume recovered - designated a s  the “second backflow” phase. 

WATER TEST RESULTS 

First  Phose (Injection) 

In all four tes ts  the breakdown pressures and the injection pressures required to  extend the 
fracture were substantially above the overburden pressure, which is strong presumptive evidence 
that bedding-plane fractures had been formed (Fig. 4.1). 

Second Phase (First Shut-In) 

In al l  cases, when pumping was stopped and the well was shut in, the pressure fell from some 
higher value almost asymptotically down to the overburden pressure, although there was a very 
slow continued drop after this pressure had been reached (Fig. 4.2). Presumably this first shut-in 
phase represents the extension and squeezing shut of the fracture, which at  the close of the in- 
jection is held open by a pressure greater than the weight of the overburden. This extension of 
the fracture continues until the fracture walls are sufficiently in contact so that the water  need no 

longer carry the full load of the overburden. As the fracture is squeezed shut, the water must be 
forced out, either into the pores or minute fractures in the rock or, mom probably, out along a 
bedding plaae by a slow continuation of the fracturing. In a more permeable and more porous 
formation than the shale the fluid-loss additives would certainly reduce the rate of flow of water 
out into pores or minute fractures, but they appear to have had no influence on the injection 
pressures or fluid loss when fluid was injected into Conasauga shale. The similatity of the 

results in the five phases of the two 50,OOQ-gal injections, with and without the fluid-loss addi- 
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, 

Fig. 6.1. WO+H Iniettion tests - First Phoro fln~oction). 

tives, cleariy answers one of the original questions: Whatever the mechanism of fluid loss, the 

fluid-loss additives have Iittle influence an its rate and are probably not required in the w a s t e  
cement mixtures. 

Third Phase (First Buckflow) 

The length of time and the volume beckflowed in order that the wellhead valve could be 
opened fully varied considerably between the three major injections and was one of the principal 
factors responsible for the differences in the volumes recovered during the first backfhw phase 
of the tests  (Fig. 4.3). The volume backflowed until the wellhead valve could be opened com- 

pletely probably represents the volume that had to be removed in each case before the fracture 

near the wel l  could close back tightly enough to limit the flow to no more than 10 gpm. This 
volume might be expected to vary considerably, depending on how smooth or ragged the fracture 
is near the well; Diffemnces in smoothness may be due in part to the amount of shale eroded 
from the fracture walls near the injection well when the liquid'was injected. The velocity of the 
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fluid near the well is high enough to teat out pieces of the shale  and carry them back into the 
fracture. In the first 50,000-gal injection (water only), about 7000 gal was backflowed before 
the valve 00 the wellhead could be fully opened. In the injection of 50,000 gal of water contain- 
ing fluid-loss additives, a backflow of only 1350 gal of water was required. The rest of the 

curves, when plotted as volume backflowed vs time, have the same slope bat axe separated by a 

volume of 5650 gal, which is the difference bemeen 7000 and 1350 gal. The factors controlling 
the flow during the second and longer part of this Grst backflow phase were therefore something 
other than the conditions immediately adjacent to the we l l  and were much the same for the three 
major injections. Presumably the important factor was the squeezing shut of the outlying portions 
of the fracture. 

Fourth Phase (kcond Shut-In) 

During the first backflow the pressure of Eho overlying rock forced the liquid back to and up 
the well, and there must have been a presswe gradient along the fractsre. wh&n the well w a s  
shut in, the flow continued until the pressure came to equilibrium at a value where the pressure 
in the liquid and the pressure of rock against rack just  suffice to support the weight of the over- 
burden (Fig. 4.4). The equilibrium pressure is therefore an indication of the proportian of the 
fracture still held open by the  contained water. The time required to  reach equilibrium is an 
indication of two things: the distances through which variws volumes of water must move to 
establish this equilibrium and the trsasmirsivity of the fracture. In the two 50,OOO-gai injections 
the equilibrium pressures hed k e n  reached after 24 hr aad were a l m o s t  identical for the two 

tests - 443 p s i  for the first and 450 psi for the second. However, the pressure increased toward 
the equilibrium value more rapidly in the test with fluid-loss additives. Other evidence, including 
the rates of flow and volumes recovered during the two backflow phases, suggest that the fracture 
at %S ft was not more permeable than the other, but rather that the movement of a smal le r  volume 
of water was sufficient to establish equilibrium. The near identity oE the equilibrium pressures 
is one of the reasons for believing that the  fluid-loss additives had little effect on either the 
fracturing or the fluid loss under the cmdit ions of these tests. 

A total of 23,OOO gal was recovered during the two backflow phases of the first 50,OOO-gal 
injection. If there had been no other fluid loss from the fracture and if the extent of the fracture 
had remained unchanged, the reintroduction of 23,000 gal into the fracture should have reestab- 
lished essentially the same conditions present at the close of the original injection; this is the 
reason why the third test consisted of pumping 23,000 gal back into this fracture. Sa many factors 
affect the injection pressure curve that the higher injection pressures required to  put back the 
23,000 gal cannot be expleined. Local conditims near the well, quite possibly changed by the  
additional fracturing or the movement of rock chips during the second injection, could have af- 
fected the first part of the first backflow phase of the tes t  and might even have reduced the total 

volume recovered during this relatively brief period. The time-pressure curve for the second 
shut-in phase of the 23,OOO-gal test r ises  much less rapidly than the c w e  for the two 50,OOO-gal 
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tests, and equilibrium in the 23,000-gal tes t  had not been reached a t  the end of 24 hr. 
pressure after 24 hr shut-in was only 316 psi, and the slope of the curve suggests that the equi- 
librium pressure would be between 350 and 450 psi. The difference in slope could be explained 
by several factors, for example, a lower transmissivity of the fracture, a s  suggested also by the 
higher pumping pressures, or a further extension of the fracture during the second injection, The 
lower equilibrium pressure suggests that more of the overburden load was being carried by the 
rock, so more of the fracture must have squeezed back together. This in turn shows that the 
original conditions had not been reestablished by the reintroduction of the 23,000 gal. and suggests 
additional fluid loss, but i t  does little to tell where the fluid went. Perhaps the missing fluid 
was trapped in outlying portions of the fracture formed during the first shut-in phase after pumping 
had stopped. 

The 

Fifth Phase (Final Backflow) 

In the last three tes ts  the wellhead pressure dropped to zero almost immediately, and it was 
possible to open the valve completely after only a few gallons had ken recovered. The data 
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recorded were the rate of flow and the volume recovered. The time-vs-rate curves for the two 
50,OOO-gal injections were almost identical over the Sway period required €or this part of the 

test  (Fig. 4.5). The flow rate from the 23,000-gal test fell much more rapidly with t ime for the 
firm 100 hr after the final flowback was started, but then the curve flattened and aftor 900 hr 
joined and followed the time-rate curves of the earlier tests. 

A plot of the volume of water remaining in the fracture, either as a function of time or as 
function of the rate of flow, makes i t  clear that even if these curves were extrapolated to infinity, 
a large portion, somewhere between a half and a third of the volume injected, would remain undez- 

ground. In the first 50,000-gal test, 10,000 gel was recovered in the 48-hr first backflow and an 
additional 13,000 gal in the approximately SO days of the second backflow, at which t i m e  the rate 

of flow was less than 2 gph and still declining. A total of 13,500 gal was recovered from the 
23,000-gal test - 6409 gal in the first backflow. The recovery from the 50,000 gal of water con- 

taining, fluidloss additives after 50 days was slightiy less than 23,000 gal. This final phase of 
the tests shows, as did the second shut-in, such a striking similarity between the injections with 
and without fluid-loss additives that whatever the mechanism of the fluid lass, it is not affected 
by the additives; consequently, there appears to be little incentive to use them. 
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RECOMMENDATIONS FOR FUTURE TEST PROCEDURES 

The planning of water injection t e s t s  for the preliminary evaluation of the fracture pattern 
created by hydraulic fracturing will depend on the stratigraphy and structure of the s i te  in question. 
Therefore, the first requirement will be to obtain or prepare a map of the surface geology and from 
this to construct a provisional geologic cross section. The cross section will serve a s  a guide in 
selecting the most suitable depth intervals for fracturing, and these should then be explored by 
core drilling. Probably the greatest interest will be in comparatively impermeable sha€es,  but the 
possibility of injecting Liquid waste by fracturing directly into porous formations of low permea- 

bility should not be ignored. 
Consideration of the results of the water injection tes ts  a t  Oak Ridge suggests that too much 

emphasis was placed on injection pressures, that is, on the surface pressures required to initiate 
and extend a fracture. The pressures observed under dynamic conditions reflect not only the 
pressures required to overcome fluid friction in the well and in passing out of the slot in the 
bottom of the well casing, but a lso the pressures built up by fluid friction inside the fracture it- 
self. T h e n  is therefore some doubt as to the validity of the concept of a single specific injection 
pressure, at least a s  the term was used in discussions with the Earth Sciences Committee in 

1961. Clearly the breakdown pressures , which ranged from 2000 psi to 3800 psi in the four water 
injection tests of 1963, are not what w a s  meant ,  for these depend on the strength of the rock im- 
mediately adjacent to  the slot in the well casing prior to  fracturing and not on the stress in the 

rock normal to the fracture. After breakdown, the pumping pressure falls more or l e s s  rapidly to 
some fairly constant value which appears to be, in part, a function of the rate of pumping. During 
the 50,000 gal of water plus fluid-loss additives test, this constant value was reached after about 
15 min of pumping and, a t  an injection rate of 340 gpm, was some 1200 psi as measured a t  the 
surface. In the case of the 23,000-gal injection, there were two pressure peaks of 3240 and 
3260 psi  a t  the start of the injection, but after 90 min of pumping, a t  which t i m e  the injection 
was halted, the surface pressure was about 1700 psi and still falling slotfly. The surface in- 
jection pressure, a t  a pumping rate of 280 gpm, appeared to be approaching a constant value of 
about 1600 psi. These unexplained variations support the belief that the dynamic conditions 
which exist while the injection is going on and the fracture is being actively extended are corn- 
plex, and an explanation of the variations requires a consideration of many factors, some of which 
are poorly understood. Tests in which i t  is possible to measure pressures in the fracture, both. 
while the pumping is in progress and also after the we l l  is shut in, are m o s t  desirable. 

In retrospect, the first shut-in phase of the tes t  appears to be potentially the m o s t  informative. 
The concept of an instantaneous shut-in pressure, widely held in the petroleum industry, i s  easy 
to define but hard to apply. In theory, it i s  the pressure immediately after pumping has  stopped 
and presumably represents a static condition in which the fluid, both in the well and in the 
fracture, is a t  rest, so that the surface pressure is a true indication of the pressure i n  the fracture 
without any pressure drop due to friction. In practice, a brief but yet finite time is required to 
stop the pumps. More importantly, after the pumps have stopped, the observed surface pressure 
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drops rapidly at first, roughly 100 psi in the f i s t  minute and another 100 psi or more in the next 

10 min. initially, w e  attributed this drop to fluid loss, without considering too closely where the 
fluid might be going. Presently we are inclined to believe that the pressure drop, a t  least  for the 
first few hours after the pumping has  stopped, is due to continued extension of the fracture. In 
this, we have been influenced by the paper of Pelkins and Kern on the widths of hydraulic 
fractures. 

To understand how the fracture can continue to extend after pumping has stopped, let us 
consider the pressure distribution in the fracture during the latter part of the period of pumping. 
At or near the tip of the fracture the fluid pressure must be sufficient to accomplish two tasks. 
First, the pressure must part the rock along one of the bedding planes. As the tock has little 
tensile strength normal to the bedding, this requirement is not very large. Second, the fluid m u s t  
push up the rock cover against  the force of gravity, for which a pressure just equal to the weight 
of the rock cover is required. In addition, the fluid pressure in the fracture adjacent to the well 
must be sufficiently higher than the fluid pressure near the tip of the fracture to force the fluid 
to fiow out along the fracture against  ‘the resistance offered by fluid friction. Thc fluid pressure 
in the hcture, except near the tip, must therefore be greater than the w e i b t  of the overburden, 
and in order to retain this pressure, the rock cover and also the rock below the fracture must be 
deformed. This deformation will be elastic even though there is reason to believe that Young’s 

modulus in most racks is not constant but is B function of pressure. If the rock walls are de- 
formed elastically, work is stored in them. When pumping stops, the rate of flow of the  fluid in 
the fracture decreases and tho fluid pressure tends to equalize. In consequence, the pressure 
near the tip of the fracture increases,  or rather tends to increase, because as the pressure at the 
tip starts to rise the fracture is extended. Back nearer the injection wel l  the pressure tends to 
drop, but as i t  does the elastically deformed rock walls c lose back together. In this way the 
work stored in the deformed rock is used to extend the fracture, as stated by Pcrkins and Kern. 
This continued extension of the fracture after the wel l  is shut in proceeds at  a decreasing rate 
and is the principal reason for the continued drop in pressure after pumping stops. If i t  were the 
only reason, the p r e s s u ~  in the fracture would approach the overburden pressure asymptotically. 
Ia the three main water injection tes t s ,  the pressure did indeed tend to do this during the first 
shut-in phase but afterward continued to drop very slowly. 

W e  have no record of the pressures Juring and after the formation of a vertical fracture be- 

cause, as far as w e  know, none have been fonned by any of our injections. However, many of the 
same factors would be involved. The injection pressure obseroed while the pumps are operating 
would be the pressure tequired to hold open and extend the fracture plus the pressure gradient in 

the fracture required to overcome internai fluid friction. The pressure a t  or near the tip of the 

‘T. K. Perkins and L. R. Kern. “Widths of Hydruulic Fractuns.** J .  Petrol. Technol. 13, 93749 
(September 1961 ). 
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advancing fracture would be equal to the pressure normal to the fracture plus the pressure re- 
quired to rupture the rock. If w e  restrict our consideration to well-bedded rock such as shale, 

with the beds hotizontal, a vertical fracture wi l l  differ from a horizontal fracture in that the 
pressure required to rupture the rock may not be negligible. 

As w e  have wen, the pressure in the injection well  while injection of fluid is under way is 
the sum of several factors. In addition to the pressure required a t  the tip of the fracture, the 
injection pressure must provide for the pressure gradient needed to overcome friction losses  in 
the fracture. The fluid friction in the fracture will depend, in part, on the smoothness of the 
walls of the fracture and on the fracture width. A fracture formed by shearing normal to the bed- 
ding, to judge from the s m a l l  faults observed in the shale, may well be as smooth as a fracture 
formed by pressure parting of the beds. We have no information a s  to the probable smoothness of 
a fracture normal to bedding formed by tension, as the hydraulically formed fractures are, but they 
might well  be ragged. Other things being equal, the permeability of a fracture is proportional to 
the third power of the width of the fracture, and consequently, for a given rate of pumping, the 
fracture width will be much the same whether the fracture is vertical or horizontal. This pre- 
sumes, of course, that the well is cased and that the Eracturing results from pumping fluid out 
through a horizontal s lo t  in the casing. In the case of a horizontal fracture, the necessary frac- 
ture width is produced by Lifting the overburden and by deforming the cover rock. In the case of 
a vertical fracture, the width of the  fracture is provided by overcoming the horizontal s t ress  in 

the rock, which for a vertical fracture is assumed to be l e s s  than the weight of the overburden, 
and also by compressing the rock horizontally. The pressure required to compress the rock 

sufficiently to form the required fracture width will  depend rather closely on Young’s modulus €or 
the rock, about which, for shale, we have little infomation, particularly parallel to the bedding. 
There wiIl be some uplift of the overburden, depending on Poissoa’s ratio for the rock, another 
property on which w e  have few data, but this part of the problem is relatively unimportant. How- 
ever, because of the potentially higher pressures required to overcome fluid friction and to hold 
the fracture open, the observed wellhead pressures during the formation of a vertical fracture may 

well  be as high a s  those experienced when a horizontal fracture is being formed, a t  least  down 
to depths of 2000 or 3000 ft. Much the same line of reasoning led Perkins and Kern to the s a m e  
conclusion. Therefoe,  under dynamic conditions, the observed wellhead or bottom-hole pressures 
must be interpreted with caution. 

However, when pumping is stopped and the well is shut in, the pressure in the well  and in 
the fracture adjacent to the well ,  as a first approximation, should drop asymptotically toward a 

value equal to the stress in the rock normal to the fracture, the s t ress  required to rupture the 
rock. For a vertical fracture, this pressure should be l e s s  than the weight of the overburden. 
However, the true fluid loss from a vertical fracture in shale may be higher than that for a hori- 

zontal fracture because a vertical fracture will intercept many more bedding planes, and i t  also 

has  a better chance of cutting a relatively permeable bed. The time-pressure curves for the first 
shut-in phase, when a vertical fracture h a s  been formed, may not asymptotically approach the 
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value of the stress in the rock normal to the fracture, and if fluid loss should be relatively rapid 
the curve may not appear to approach any value asymptotically. Following the  formation of a 

vertical fracture, only if the tensile strength of the rock and the permeability of the rock are both 
low when measured parallel to the bedding will the tim~pressure curve for the first shut-in phase 
approach the value of t h e  stress n o m 1  to the fracture unambiguously. 

I t  may be of interest at this point to examine the data from a fracturing test with water made 
in a well in west central Indiana.* The well in question was a gas or oil “wildcat” drilled i n  
1959 to a depth of 1982 ft and then plugged back and abandoned. The log showed that the well 

had penetrated several hundred feet  of shale which extended approximately from about 800 or 
900 ft to over 1500 ft below the surface. Early in 1%2 the well was cleaned out to depth of 

1282 ft, and a 5 ‘/-in. 144b J-55 casing was cemented in  to that depth. The plug on top of the 
cement in the casing was  set at 1179 Et. Cement returns were not obtained at the surface, pre- 
sumably because of a washout or loss of the cemtnt grout to a permeable zone or to a fracture. 
Despite this possible weakness in the cement job, after the cement had ample time to set, the 
casing was slotted at 1175 ft witb a sand-water jet. Attempts wen then made to initiate a 
fracture at 2100 and at 2500 ps i  and finally were successful at a surface pressure of 3000 psi 
(Fig. 4.6). After the initial breakdown, the pressure was relieved for about 5 min while the well- 
head connections wert tightened. Injection was then resumed at 1.500 psi, followed by a brief 

2No report on this t e s t  has been published. nba data quoted are from a patsorul letter written by one 
of the engineers concerned. 
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increase in pressure to 2000 psi. During the next 15 min, at pumping rates of from 400 to 600 
gpm, the wellhead pressure dropped slowly to 1200 psi, but there were a few momentary drops in 

pressure to 800 or 1000 psi which could not be explained. After about 15 min of pumping, the 

pressure remained nearly stable, but dropped slowly from 1200 to 1100 psi  over a period of about 
20 min. At this time pumping was stopped briefly in order to connect the pump to a new tank 
truck; the water being pumped into the we l l  had to be trucked in. During the brief shut-in the 

wellhead pressure dropped almost immediately to 800 psi, but it returned to 1100 psi when pump- 
ing was resumed at  a rate of 575 gpm. Pumping was stopped periodically while 17 truckloads of 
6500 gal each were pumped in, €or a total of 110,000 gal in 6r/2 hr. Each time pumping stopped, 
the wellhead pressure dropped immediately to 800 psi, at which it rested. After the 12th load of 
water had been pumped in, the well was backflowed, when the pressure dropped nearly to zero, 
but it came back up to 800 psi  immediately when the well was shut in. A thousand pounds of 
coarse sand and 200 l b  of rounded fragments of walnut shell  were injected into the Iracture with 
the last of the water. When pumping was finally stopped, the instantaneous shut-in pressure was 
reported as 850 psi, but this dropped almost immediately to 800 psi. After several weeks the 

pressure gradually dropped to 300 or 400 psi, but no details are available a s  to this part  of the 

test 

The engineers responsible for the test believed it had been a failure and that the water had 
broken up along the casing and then hctured out into wall rock a t  relatively shallow depth. 
Their reason for believing this was based on the several "breaks" in pressure during the first 
15 min of pumping and the fact that the static wellhead pressure did not remain a t  800 ps i  in- 
definitely but fell slowly to 300 or 400 psi over a period of several weeks. 

In view of the preceding discussion this explanation appears very unlikely. A t  a depth of 
1175 ft the weight of the overburden would be about 1300 psi, if the specific gravity of the over- 

burden w e e  2.6, and the static surface pressure of a well filled with water would be 815 psi, The 
shut-in pressure of about 800 p s i  strongly suggests therefore that a horizontal fracture had been 
formed. This is a l so  indicated by the relatively high pumping pressure, but not as certainly, for 
the friction losses  are unknown. The quick return to the overburden pressure when pumping 
stopped cannot be easily explained, but perhaps these shales were less well indurated than the 
shale at Oak Ridge and therefore stored l e s s  elastic energy when the shale was deformed to 
provide for the width of the fracture. 

Such a test in an afea that was under consideration for waste disposal by hydraulic fracturing 
would be regarded as highly favorable. However, before constructing the disposal plant i t  would 
be desirable to confirm the results of the water injection by making a similar test with tagged 
grout and then drilling test wells to find out where the grout had gone. Since much of the expense 

of these tests i s  in the tes t  wel l s ,  it would probably be advisable to make several injections of 

tagged grout at different depths, as this would provide positive evidence of the fracture pattern with 
only a small additional expense. 



5.  Mix Development 

The fracturing tests at Oak Ridge made the need for the chemical development of injection 
mixes abundantly clear. Following the second experiment, for example, the repeatedly reopened 
injection well leaked fluid long after the sluny had set up, indicating that soma of the water had 
not been incorporated in the set grout’ In several  of the cons recovered subsequently, multiple 
grout sheets  from a single injection were found, suggesting that the leading edge of the cement- 
water sluny may have been dehydrated as it extended out into the fracture and a s  a result may have 
induced the formation of new fractures, which started back at the w e l l  born and extended out from 
it as the injection continued. These observations of the injections made with water-cement mix- 
tures and othezs discussed elseorhen in this report suggested the need for careful development of 
waste-cement mixes which cmld be injected satisfactorily into the local formation. 

in developing weste-ctintnt mixes,  attention was first given to safety. Rigid requirements were 

established for what we hoped would be an acceptable mix, but our decisions w e n  based 011 in- 
adequate information concanring the porosity snd permeability of the host rock. When more ad+ 
quate information was obtained, some of the requirements were relaxed or eliminated; and as labo- 
ratory data were obtained, we gained confidence in our ability to control the behavior of mixes. 
With time, these developments $emitted focusing our attention on the cost of mixes; and when the 
u s e  of hydrofracturing to dispose routinely of ORNL’s evaporator concentrates became a possibility, 
our efforts were  concentrated on developing safe and ecmomical mixes. 

During the c o w  of this dev+lopment program, many materials were tested. Some were  elimi- 
nated because they w e n  found to be unnecessary; others were eliminated because the ORNL waste 
solution interacted unfavorably with tltem. In the latter case, other waste solutions may prove to 
be compatible with these various materiais. Wherever possible, reasotlls for rejecting materials ace 

given. Botb pasitive and negative results are included SO that in other situations and in other a p  

plications attention may be given to these materials in fonnuiatiag suitable mixes. 
To aid us in mix development, the cooperation of the petroleum industry w a s  solicited; and 

contracts were awarded to Westco Research of Dallas, Texas, and later to Walliburton Company of 
Duncan, Oklahoma, to work with us. Their technical contributions ace gratefully acknowledged. 
Their experience and knowledge during al l  stages of developmeat helped in reaching the goal se t  
for this program. 

‘W. de Laguna, ‘*Disposal of Radioactive Waste by Hydraulic Fmettuhg. Part IL Mechanics of Fractnre 
Eonnation and Design of Observation and Monitoring Wells,’’ N u c l .  End. Dsrign 3, 432-38 0966). 
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PRELIMINARY MIX SPEC1 FlCATlONS 

The specifications for waste were first Set on the basis of some preliminary taboratory 
tests with synthetic 1X waste and several  trial formulations, These specifications are shown in 

Table 5.1. 

Toblm 5.1. Pnl iminory Waste-Mix Spcificotions 

Viscosity (consistency) <20 poises 

Thickening time (pumping time) 8 hr, minimum for 1000-ft ‘‘aqueezd’ 
schedule 

Setting time 7 days, DJPX 

Compnssive strength (cwed at 1 a m )  100 psi 

Fluid loss (1oopSi test) <60 cc in 30 min 

Phane separatioa (*e liquid) None 

Thickening time, or pumping time, is the interval during which the s i u n y  must remain  pumpable, 
that i s ,  be capable of being pumped down the injection well and out into the fracture. Thickening 
time w a s  based on a 1OOo-ft schedule, which calls for 3300 psi pressure and a temperature of 

890F.’ 
The specification on acceptable fluid loss w a s  a stringent oae. (This was determined by a 

standard test  used in the petroleum industry to measure the rate at  which fluid leaks out of the 
cement slurries used in oil-well construction. A geIatinous precipitate like ferrous hydroxide 
would have a low fluid loss; sand and water a high fluid loss.) Since we had no knowledge of the 
possible rate of escape of fluid from the slurry into the shale formation, w e  arbitrarily selected a 

value of less than 60 cc in 30 min a t  100 psi, which is about one-tenth of that considered accept- 
able in conventional cement-water slurries. It w a s  feared that a high loss of fluid to the formation 
would thicken the slurry and prevent its spread out into the formation. The requirement w a s  re- 
laxed later when field tests showed that the rock was itself sufficiently impervious to prevent fluid 
from escaping. The requirement that no free liquid remain after setting was imposed after the first 
field tes t s  had shown some bleedback of water from the fracture due to phase separation. This 
bleedback showed again the impermeability of the shale and served as additional justification to 
relax the initial requirement of low fluid loss. 

Our problem was to develop pumpable slurries whose viscosity would remain low and whose 
consistency would remain stable during the several hours required to complete an injection, but 

2.4merican Pttrohum Institute. Recommended Pracrice for Tearing Oil-We21 Cements and Cement Addi- 
tives, API RP 1OB (1Otb cd.), March 1961, API  Diviaion of Petroleum, Dallns, Ter. 
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which would s e t  soon after completioa of the injection. In addition, no bee liquid phase should 
separate out, for a free liquid might make its way beck up to zones of circulating groundwater or 
to the surface. Since plans for eventual use of the method included the disposal of large volumes 
of liquid waste, attention was limited to those materials whcse performance had been proven in 

large-scale usage. 

A t  first, to evaluate our slurries we used the standard testing procedures recommended by the 
American Petroleum Institute,* Later, modifications in testing procedure were mede when we 

realized that mixes for use in hydraulic fracturing must meet requirements very different from those 

applicable to oil-well cementing. The principal change in test procedure w a s  to ensure that the 
method of mixing test  samples in the hboratory duplicated conditions in the field. 

WASTE SOLUTION COMPOSITION 

The chemical composition of the simulated waste solution used in most of the laboratory tests 
was that of ORNL's i n t e rmdie t c l ew1  waste. Actual wastes  at ORNL arise as acid solutions from 
a variety of operations, including chemical rosearch with radioisotopes, metallurgical research with 
irradiated materials, hot-cell work associated with development of reactor fuel reprocessing meth- 
ods, and chemical separations for the recovery end sale of radioisotopes. These solutions are col- 
lected in steel tanks, neutralized with excess caustic, and pumped to a central tank fern for t e m p  
rary storage. In the past the supematant liquid w a s  pumped to a nearby s i t e  and discharged into 
seepage trenches excavated in the Conasauga shale  formation. This  highly alkaline waste, whose 
nominal composition is shown in Table 5.2, came to be known as 1X waste. 

NaOH 0.22 

NoN03 0.32 

Na,SO, 0.04 

AXNO,) 0.02 

W4NO3 0.2 

NoCl 0.006 

9%r 2.8 x 10 '~  

13'cs 6.5 X 10'' 

1 06Ru 8.3 x 10"' 

1"ce 2.9 x 1 r 3  

6 d c O  5.9 x 10'' 

952,9Sm 3.3 x 10-7 

The aluminum in this waste  is present as the aluminate ion. The gosf content is low due to the 

treatment with caustic, which causes  strontium to coprecipitate with the calcium carbonate formed 
and settled in the storage tank. In such an alkaline medium, most of the 6oCo, '44Ce, and 95Zr- 
g5Nb are presumably present as  hydrous oxides or hydroxides. The 06Ru is present as a nitroso 



complex, and s e v e r d  cationic and anionic forms appear to exist  in 1X waste.3 Cesium-137 is not 
only one of the most  abundant radionuclides in the waste but has a long half-life, as does 90Sr. 

While work on the shale fracturing program was still in an early stage,  the Laboratory decided, 
for reasons quite apart from any of our research, to reduce the volume of 1 X  waste. In consequence, 
plans were laid for the installation of a steam-heat single-stage evaporator which w a s  to have a 

maximum throughput of approximately 650 gal/hr with a volume reduction of about a factor of 10, 
thus producing a concentrated waste (1OX) whose composition would be approximately ten t imes  
the concentration of lX waste shown in Table 5.2. The development of mixes for hydraulic frac- 
turing was directed toward disposal of both the 1X and 10X wastes, since successful disposal 
would both demonstrate the process and fill a real need at  the Laboratory. Hence, the mix develop 
ment work w a s  extended to mixes which would be compatible with the expected high dissolved-salt 
content of 1OX waste as well a s  the normal 1X waste, even though it was known that evaporator 
concentrate would not be available for field testing for some time. 

MIX DEVELOPMENT - PHASE I 

Pre i im inary Com pati bi I ity Tests 

Since waste solutions contain appreciable s a l t s  and caustic, it w a s  necessary to establish 
their compatibility with portland cement. Portland cement was selected as the base ingredient 
because the petroleum service companies had considerable know-how concerning its procurement 
and performance. 

After mixing in a Waring Blendor (a 1-quart-size propeller-type mixer capable of rotating 4000 
rpm a t  no load on “slow” speed and 10,000 rpm or more at no load on “high” speed) according to 
the procedure recommended by API, the slurry was visually inspected for evidence of flash setting, 
initial gel strength, and consistency. Flesh sett ing and high initial gel strength are dependent on 
the chemical composition both of the cement and of the waste solution, and consistency is  af- 
fected by the solution-to-cement ratio and the initial hardening process, A solution/cement ratio 
of 208 c c / l b  is recommended by API for slurries prepared from distilled water and type I cement.’ 
Slurries had a high initial gel strength when prepared from Volunteer type I cement and 208 cc of 
waste per pound of cement but not when the proportions of waste were greater (Table 5.3). 
Note that the source of cement affected the behavior of the slurry; and because different batches 
showed different properties, it w a s  decided to l i m i t  our studies to cement obtained from the 
Volunteer Cement Company at Knoxville, Tennessee,  the source closest  to ORNL. 

Slurries containing Volunteer cement were tested further to obtain information on fluid loss, 
thickening time, and compressive strength (setting characteristics) 
Table 5.4. Waste-cement slurries exhibited relatively short thickening times and high fluid losses, 

These results are shown i n  

3H. 0. Ieenn,  “Disposal of Radioactive Wastes by Hydraulic Fracturing. Part III. Design of ORNL’s 
Shaia-Frsctuting Plant,’’ Nucf.  En& Design 4, 108-17 0966). 
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toble 5.3. Quolity of Waste-Cment Slumfar A h  Blending 

Solution/Cemtnt H i g h  Initial 
Cemcnt Source Solution Used Ratio Flash !baing Gel Poura bility 

(cc/lz) S- 

Trinity Cement Co.. Distilled water zoa/4s4 No No Yes 
Dallas, Tex. 

Distilled water I f0/454 No No Ye8 

Distilled water 163/454 No No NO 

Waste 2 OW454 NO No Y e s  

Volunteer Cement Co.. Distilled water 2 0 ~ 4 ~ 4  No No Yes 
Knoxvillc, Tenn. 

Waste 208/454 No Yes No 

Waste 220/454 No No Yen 

w8Ste 245/454 No NO Yes 

properties s i m i l a r  to those obtained with water. Additives are available which are commonly used 
in the ptroleum industry to modify cement slurries.' Hence, addition of 0.8% calcium lignosulfonate 
(CLS) increased the thickening time from 2 hr 26 min (2~26) to 10 br 57 min (1057). FIuid loss, 
however, was not reduced sabstantially until bentonite was added. Addition of 6% bentonite re- 
duced the fluid loss from approximately 400 to 185 cc; with 12% bentonite, the fluid loss was re- 

duced to approximately 100 cc. Note that the thickening time was reduced by the addition of 
bentonite. Throughout the investigation it was found that addition of one material caused changes 
in properties other than the one intended, necessitating further changes in the proportioning of 
other additives. 

The addition of bentonite to a cement slurry requires an increased amount of solution because 
bentonite is a sorbent for water and the loss of interparticle water causes an increase in slurry 
consistency. This also decreases the cast of the mix, which is desirable. The addition of CLS, 
primarily to  extend the thickening time, reduces slurry consistency, thus counteracting the effect 
of bentonite. 

Additives to Reduce F h i d  Loss 

Since the reduction of fluid loss by the addition of bentonite did not satisfy the minimum require- 
ments set in the preliminary specifications (Table 5.1), it was decided to investigate other addi- 
tives which might be more effective. Table 5.5 lists some of the materials tested for this purpose. 

4American Petroleum Institute. Oil W e l l  Cementing Practices in the United Stater, American Petroleum 
Iniltirute, 50 Weat 50th St, New York, 1959. 



Tablo 5.4. Propertlea of Slurries Proparod from Synthotlc Wont. Solutions 

Thickening Time to 100 Poises Compressive Strength 
(psi after 24 hr) Fluid Loss (hr: min) Slurry C L S ~  Bulking W/C Ratio" 

No. (%I Material (cc/lb) (cc/50 min at 100 psi) 1000-ft 3000-ft 5000-ft 
Schedule Schedule Schedule 80°F llO°F 14OoF 

3750 1000 2003 1 208, distilled 608 2:50 2:OS 
water 

2 208, U 538 2:26 2:lO 1:18 1560 1830 3220 

3 0.3 208, 1X 3 :46 

4 0.8 208, Ix 406 1057  

5 0.8 Bentonite, 6% 265, Ix 185 

6 0.6 Bentonite, 12% 322, u( 116 

7 0.8 Bentonite, 12% 322, IX 1 08 

8 1.2 Bentonite, 12% 322, IX 82 

9 0.8 Bentonite, 6% 250, Ix 161 4:42 5:30 

2 37SC 116gC 

d La. 

10 0.6 Bentonite, 670 265, 1x 194 4:19 f.S." 

"CLS = calcium lignosulfonate. 
"Ratio of waste or water to cement. 
CCompressiva strength after 43  hr. 
dinitial set. 
eFinal set. 



Tobiw 5.5. Sereaning Tests of Fluid Loss Additives 

Concentration W/C Ratioa Fluid Lossb 
Comments 

(70) (cc/lbf (cc )  
Material 

Carboxymethyl cuilulose (CMC) 2 245. water 

Ethylh pdroxp ethyl cellulose 2 
(EHEC) 

6 

220, water 

250, water 

Crrbarpmathyf hydroxy ethyl 
callu1o.r (CMHEC) 

Polyoiayl PlCObOl 

Sodium silicste 

Slurry gck; high 
fluid lo.. 

Dehydrated in 1 min 
1s 8eC 

Dehydrated in 1 min 
15 scc 

0.7 300, water Dchydirted in 2 min 

2.8 300, water Dchydmted in 2 mia 
12 sec 

1.0 300, -tat 60 

I .o 300. waste 14 

0.5 

4.0 

2m wrter 

208. waate 

6 2a, w.rtc 

1 208, water 4 

1 208, was- 21 

Debyrbrted in 1 min 
0 see 

Dehydrated in 6 min 
7 sac 

Dehydrated in 1 min 
30 sec 

Dehydrated in 1 rnin 
0 sac 

ET-1 81 -6 1 .s 208, water 14 

1.5 208, weste 46 

' ~ a t i o  of waste or water to cement. 
'FIU 1-0 m e 8 S ~ d  at 100 mi for 30 min. 

Most of them failed to satisfy the requirements. In m c s t  instances, the slurry dehydrated before the 

end of the 30-min test period. This behavior indicated that the fluid escaped rapidly through a 44- 

pdiam sieve and, in several minutes, allowed the nitrogen gas used to pressurize the cell to 

escape through the solid. Only three of the materials appeared promising - CMHEC, Cemad-1, and 

ET-181-6. These were selected for further study. It should be mmembered that these studies did 
not involve tests of matesiais over a wide range of waste cuncentrations; hence, with other wastes 

and for other applications, other materials may be useful and should be evaluated. 
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Table 5.6 gives the results of tes ts  with mixes containing the three fluid loss additives se- 
lected for detailed study. Thickening times and compressive strength data are included where ob- 

tained. The preliminary mix specifications (Table 5.1) were m e t  with each of these fluid loss  ad- 
ditives by adjustments in proportioning of the other materials, In addition to  bentonite clay, it was 

found that Gmndite, a commercial illite clay, could be used without causing drastic changes in the 
desired slurry properties. 

Tes t s  of m i x e s  made up to the same formula showed unexplained variations in thickening time. 
Small amounts of calcium chloride (0.5%) were added to several m i x e s  containing Cemad-1 to test  
its influence on the variabilty of thickening time. Calcium chloride i s  frequently used to ensure 

set of retarded slurries. 
The addition of calcium chloride was discontinued when the tests showed that variability in 

thickening time existed even with mixes containing calcium (see, e.g,, the results with mixes 11 
and 12). In the CMHEC mixes,  about 2% silica flour was added to several formulations. Again, 
this was done s ince variability in thickening time was observed with the same formulations. Addi- 
tions of silica flour, however, did not remedy the problem (see mix 24). 

The variability of thickening t i m e  with the same fomulation posed a serious problem. Several 
factors which might have been responsible for the variable results were evaluated 

1. faulty Consistometer, 
2. contaminants present in the sa l t s  used to prepare simulated waste solution a t  different times, 
3. absorption of carbon dioxide from the atmosphere by the waste solution, 
4. insufficient quantities of s i l ica  flour, 
5 ,  change in the quality of cement from the supplier. 

A l l  the factors were checked, and each was eliminated as a causative factor except item 5. 

Since cement is known to change with age, it is customary to q u e s t  fresh samples periodically. 
Tes t  showed that the age of the waste solution was not a factor, but the age of the cement did 
affect the thickening time. Hence, the cement was judged to be responsible for the variations. 
Discussions with the supplier revealed that h e  had substituted anhydrite for gypsum in manu- 
facturing the cement. Anhydrite reduces the sett ing time for cement, and for most applications 
this is desirable. As a consequence, later requests for a cement sample always specified that 
gypsum-retarded cement was wanted. 

The three m i x e s  which appeared most promising for use with 1X ORNL waste were mixes 8, 11, 
and 22 in Table 5.6. After testing several replications of these mixes, w e  were able to settle on 
the average values for fluid loss, thickening time, and compressive strength shown in Table 5.7. 

Radionuclide Rutention in High-Cumrnt Mixes 

The ultimate objective c$ the hydraulic fracturing project was to develop a safe and economical 
mtthod of radioactive waste disposal. What happens t o  the radionuclides is of prime importance; 
we want to retain the radionuclides in the set grout once it has been pumped into the ground and 



Table 3.6. Thlckanlns TIM, Fluld Loss, and CORP(.SS~V~ Strength d Mixes Pnpord 4 t h  The. D4lhnmt Fluld L0.8 Add1rlv.s 

Caapre*slvo Slrenmth NIX PLA. CLS Bulklng W/C Ratlo Pluld Lose Thlckenlry TIme 
No. (%) (%) Mnlorlrl (cc/lb) (cc/JO mla) (hrrmln lor 1WO-ft achedula) (pml d l e r  14 hr and 80°p cuing) Other Add'tAva' 

9 

10 

I 1  

11 

13 

14 

IS 

I6  

17 

18 

19 

20 

21 

22 

23 

24 

1.0 

1.3 

I .s 
1.3 

1.3 

I .3 

1.3 

1.3 

1 .o 
I .s 
2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

0.3 

0.5 

1 .o 
0.8 

0.8 

0.5 

0 null.? 

0 Nma 

0 Nono 

0.7 Nono 

0.7 Bcntonlm. 67. 

0.7 Bsntonlts. b% 

0.8 l3cotonAte. ML 

t .O Bentonlte. 6% 

0.7 Bonlo@lto, 6% 

0.7 Bpntuoltc, 6% 

0.7 BenloRlte. 6% 

0.7 BenIonlIo, 6% 

1 .O Bentodle, 6% 

1.0 Bsnlealtc, 67. 

0.7 Grundlte. 6% 

0 Qnuullts. 3% 

Bcntonile. 3% 

0.5 GNndlto, 3% 

l3entonlto, 3% 

0.7 Urundlte. 3% 

0.6 Rentofill.?. 6% 

0.6 Bentonite, 6% 

0.6 Boiitonbte, 6% 

0.8 h l o n l l o .  6% 

0.5 Bentonite. 6% 

0.8 Benlonlte, 6% 

208 

208 

20s 

332 

332 

250 

250 

250 

332 

332 

332 

339 

331 

332 

332 

332 

344 

265 

265 

265 

265 

265 

265 

ET-I 81.6 

91 

51 

46 

45 

3t 

17 5:w 

IO I &40 

12 21:w 

CUMd-l 

59 

31 

13 

38 

22 

43 

17 

18 

IU 

32 

171 

102 

28 

10 

16 

60 

1025  mnd 13:15 

15:25 and 8:35 

I 5:w' 

2:30 

R54 

49:4s 

2937 

51 :30 

5 2 2 0  

21:15 

l M 9  

57 

2mb 
180Ob 

75 

375b 

2.0 

770' 

losod 

i mod 

C Y C I * ,  0.5% 

C.C12. 0.5% 

C.CI*, 0.3% 

C.CL*. 0.5% 

CIC12, 0.5% 

Silk. 11our. 2% 

61t1cs flour, 2% 

Sillcr Ilow. 2% 

2450d S l l l c r  tlUUr, 2'1. 



Tablo 5.7. Thickenlng Time, Fluid Loss, ond Compressive Strongth of Threo Acceptablo Mixes 

~ 

Cam pres slve Strength 

Curing Temp. Curlng Time Strength 

Thickening Time for 
Ekntonlte CLSb Fluld LOSS 1000-ft Squeeze Fluid Loss Mix 

No. W/C Ratioa (%I (7.1 Additive Schedule (cc/30 min) 
(hrmin) (OF) (days) (Psi) 

1 250 6 1.0 ET 181-6, 1.3% 24:30 19.5 80 1 1. s.= 

80 5 2590 

2 322 6 0.7 Cemad, 2.2% 10:25 13 80 1 75 

110 5 50 

110 7 470 

3 265 6 0.8 CMHEC, 0.8% 49:45 16 80 4 

ao 5 

C n. a. 

120 

80 7 1050 

"Weste/cement ratio. 
bCelcium ~ignoautfonete. 
'A. s. = initial set; n. 8.  = no set. 
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incorporated into the disposal formation. If fluid loss were to occur during the injection or if 
phase separation should develop during setting, the failure to retain the radionuclides in the solid 

phase of the slurry or grout would increase the potential hazard of the  method. The best mixes 

were therefore tested to determine the mdioituclides lost through fluid loss and the radionuclides 
lost when a mix which had set and had cured for seven days was subjected to leaching. 

Measurements we= made of the amount of radiocesium and radiostrontium which mlght escape 
by fluid loss into the formation. Results showed that both radiocesium and radiostrontium reacted 
rapidly with the sol ids  i n  the mix and were removed from &e liquid phase (Tables 5.8 and 5.9). 
Radiocesium activity was reduced in the liquid phese by about 70%, and inspection of the data re- 

vealed that bentonite was the additive responsible for cesium retention in the sluxry. Bentonite, 
then, provided M additional benefit, namely that of sorbing the radiocesium, in addition to reducing 

fluid loss and cost. 
Very little was foolnd in the fluid phase after contact with solids (Table 5.9). Variations 

in the composition of the mix had no appreciable effect on 9”St retention. The important factor in 

Table f.8. Cosium Ae*iv;ty in Filtrate from Fluid Loss Tests 

ACtiViQ 
Mix Fluid Loss Fluid Losa (counts min-i mrl) Reduction Percent of Total Acti9ity 

No. Additive (ce/30min) (%I Lost in Filtrate 
Waute Filtrmte 

1 

2 

3 

4 

5 

6 

7 

8 

9 

IO 

11 

12 

13 

14 

15 

CZmEc, 1.m 

c m c .  1.0% 

CMWEC, 1.090 

c m c ,  0.5% 

CMHEC, 0.5% 

CMHEC, 0.599 

cnQ€Ec. 0.5% 

Ccmd, 1.09. 

Cemad, 1.Cn. 

ET-1816, 1% 

ET-181-6, 1% 

Nane 

None 

None 

None 

9.3 

7.8 

a. 6 
29.6 

27.5 

43B 

Ma 

23.8 

23.6 

1 07b 

8Sb 

73 

72 

53= 

68‘ 

27,400 

27.200 

27,400 

27,190 

27,000 

26,990 

26,890 

27,300 

27,000 

27,130 

27,220 

27,280 

26,780 

27,130 

27,110 

7,625 

7,270 

7,100 

8,460 

7,945 

9,175 

8,417 

8.615 

8,680 

8,575 

8,810 

8.805 

8,280 

24.240 

25,050 

72 

73 

74 

69 

70 

66 

65 

6a 

68 

68 

68 

68 

69 

11 

8 

0.98 

0.79 

0.84 

3.4s 

3.05 

5.52 

5.82 

2.83 

2.85 

&89 

8.41 

‘YO cakrum lignosulfcmate in these mixes. 
bThelse mixer flash set; prcssutizing gas leaked thou& sluurry before test was completed. 
‘Ne fluid loss additive, calcxum Lignosulfonate, or bentonite. Pressurizing gas kakcd througb slurry 

before test was completed. 



Table 5.9. Strontium Activity in Filtrate from Fluid Loss t e s t s  

Activity Ptrcent of Total 
Reduction Activity Lost 

Activity 
M f x  Fluid Loss Fluid Loss (counts --I ml-il  
No. Additive (cc/30 min) 

Waste Filtrate (%I in Filtrate 

16 

1 7  

18 

1 9  

20 

21 

22 

23 

24 

25 

26 

27 

CMHEC, 1.070 

CWIEC. 1.wo 

CMHEC, 0.5% 

CMHEC, 0.5% 

cbm3c, 0.5% 
Ccmd,  1.Wo 

Ccmd,  1.0% 

ET-1814,1.0% 

ET-i814, 1.0% 

None 

N o n e  

None 

10.5 

8.0 

22.0 

25.8 

2 9. Sa 

22.4 

25.0 

51 .s 
51.5 

=.Ob 

74c 

78.0b 

26,370 

25 ,350 

25,070 

23,500 

23,260 

25,150 

2,570 

25,450 

23,500 

26.51 0 

24,720 

23,260 

1,625 

770 

285 

200 

145 

2,890 

1,476 

53 5 

2 00 

1,155 

740 

165 

93.8 

98.0 

98.9 

99.1 

99.9 

88.5 

94.0 

97.9 

99.1 

95.6 

97.0 

99.3 

0.24 

0.09 

0.09 

0.08 

0.07 

0.97 

1.1 0 

0.41 

0.0s 

1.36 

0.88 

‘NO calcium Lignoauilonate in this mix. 
bThese mixes contained no fluid loss additives. 
‘No fluid loss additive, calcium lignosdfcmate, or bentonite; pressurizing gas leaked out of slurry before 

test was completed. 

determining the amount of 
particles which passed through the 325-mesh U. S. Standard Sieve Series screen (44-p size) during 
the first few seconds of the test. The rapid reaction of gost with the small solid particles might 
be explained on the basis of the composition of portland cement. Portland cement is composed 
mainly of calcium silicates, which react with water to form hydrated calcium silicates. Since 
strontium and calcium have similar chemical behavior, aoSr rapidly entered into these reactions in 
common with calcium, 

in the filtrate appeared to be the presence, or absence, of small solid 

A few tests were made with actuaI ORNL waste. Table 5.10 gives the results of fluid loss 
tests with a m i x  identical to m i x  23 of Table 5.6 except that it contained 0.5% CMHEC as the fluid 
loss  additive. The results show that slightly more 13’Cs was removed from the actual waste than 
from the synthetic waste. The reason is believed to be  the lower sodium content of the actual 
waste, because sodium competes for the exchange positions on the bentonite. The removal of 90Sr 
is nearly the same (93%) a s  that measured in tes ts  with synthetic waste. The overall reduction in 
gross gamma activity with the actual waste was 88.6%; most of the gamma activity in the filtrate 
was identified as 06Ru. The relatively short half-life (1.0 year) of 06Ru reduces the long-term 
hazard of this radionuclide. The very low content of OQSr in the actual waste results from neutral- 
ization of the waste with excess  caustic,  a s  noted earlier. 



. I  

Analysis of Fluid Loat 

(dis min" m1-1) 

- 
Concentration in Waste Activity Reduction Radionuc tide from Slurry (dia min-I m1-f ) t%) 

440 93.1 9% 6.34 x IO3 

I 3 'Cs 1.44 x lo6 5.55 x 1 0 4  96.2 

4.04 x 10s 78.0 1 "'Ru I .84 x IO6 

1 4 4 ~ e  
6.54 x 103 1 ao 91.2 

6OCO 1.3 x io3 1.0 x 1 0 3  

Stable Chemical Analysis 
of Weate 

Concentre tion Concentration 
Ion (N) Ion (PPm) 

OH- 0.09 cu < I  

UP+ .- 0.1 * 0 Fa c1.0 

- 
NO3 0.029 blg ( € 0  

~0~'' <o.M)~ e a  < I  

23.1 s 4 2 -  0.001 

780 206 73.6 so3 ' - 0.0005 

95 Zr -Nb 

c1- <O.Ool 93.1 Groas 3.0 x to3 2.06 x 10' 

88.6 A I' + 0.003 Gross y' 4.4 x 10s 5.01 x 10s 

'counts min-* mf-1. 

K <15 
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The slurry made with actual ORNL waste was allowed to set in 2-in. cube molds. After 7 days 
and 28 days of curing at  80°F, the 2-in. cubes were leached with tap water under constant stirring. 
The leaching results are plotted in Fig. 5.1. After 20 days of leaching, 5.7% of the activity was 
leached from the 7 -day-cud  grout, and gamma spectrum analysis revealed that l J 7 C s  was the 
predominant radionuclide in the leachate. Leaching tes ts  of cube molds made with synthetic waste 
spiked with l J 7 C s  or "Sr and cured for 7 days and 28 days are also shown in Fig. S.l. The grout 
made with synthetic waste leached slightly Iess 
Lengthening the curing t ime of the grout improved retention of the radionuclides, a s  shown in Fig. 
5.1; lengthening the curing time also increased the strength of the grout (Table 5.7). The higher 
13'ICs leach from the sevenday-cured grout was probably due to the inability of the weaker grout 
to fix bentonite in the matrix. 

37Cs than that made with actual ORNL waste. 

The results obtained in phase I of this study were m o s t  encouraging. Mixes could be formu- 
lated with actual ORNL waste which would remain pumpable over 8 br, set without phase separa- 
tion, have low fluid loss properties, and retain most of the hazardous radionuclides in the solid 
phase. 

MIX DEVELOPMENT - PHASE II 

Several developments occurred during the early s tages  of m i x  development which suggested 
changes in emphasis and reevaluation of the program. First, as mentioned earlier, the incorpora- 
tion of an evaporator in the Laboratory's waste management scheme meant #at the concentration 
of the waste w e  hoped to dispose of would increase from 1X to 1OX (Table 5.2). The molariw of 
the dissolved ions would be increased, and thus 1X waste m i x e s  would have to be teevaluated in 

terms o€ their applicability to 1OX waste. Second, reevaluation of early fracturing tes ts  in the 
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Fig. 5.1. Laaching of Radioactivity from Grouts Cured for 7 and 28 Days. 
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dispose1 formation indicated strongly that only minor fluid losses would occur during the ti* te- 

quired for injection. it might be possible, therefore, to eliminate fluid Ioss additives from &e mix. 
Since elimination of one material caused changes in slurry properties other than the one intended, 

this meant reevaluation of the mixes. Finally, preliminary estimates of the cost of disposal by 
hydraulic fracturing showed that the cost of mix ingredients would constitute a substantial part of 
the total cost.3 Hence, reducing the cost of additives in mix formulations was imperative. Tlhe 

cost  of the ingredients in mix 3 (Table 5.7) for exampie, is approximately 35 $/gal. 
We expected that the molarity of a l l  ions in 1X waste, including the sulfate ion, would increase 

when 1X waste was concentrated in the new evaporator. Because  of the deleterious effects of 
sulfates  on portland cement, we decided to specify the use of sulfate-resistant type I1 cement for 
mixes with 1OX waste. Also, during the initial tests of various mixes, we found that the properties 
of the m i x e s  varied from batch to batch of the cement obtained from the local supplier. 
The supplier explained that recent developments in the production of cement w e n  in the 
direction of shorter setting times (i. e., producing cement which contained anhydrite instead of 

gypsum). For our work, however, longer setting times were desired, and type U cement with gyp 
sum retarder, or the equivalent, w a s  therefore specified so as to reduce the need for higher con- 
centrations of an extender such as calcium lignosulfonate (CLS) or delta gluconolactone (DGL) , 

Test ing of the three m i x e s  shown in Table 5.7 with 1OX waste solutions showed that the 
pumping times of mixes  1 and 2 were reduced to less than 2 hr. M i x  3, which contained carboxy- 
methyl hydroxygthyl cellulose (CMHEC) , showed more promise; when the fluid loss additive w a s  
omitted, the pumping time was approximately 4 br and the consistency was about 20 poises. Dele- 
tion of the fluid loss additive l o w e d  the cost of the ingredients a p p x i m a t t l y  40% (t e. , to a b u t  
15 to 20 +/gal), thus making cement the principal item of cost. 

The compressive strength oi seven-day-cured grout as a function of cement content is shown in 

Fig. 5.2. Also  shown is the cement cost (l@/Ib) per gallon of waste for different cement concen- 

trations. Obviously, if high-strength grout is desired, up to 15 Ib of cement must be used per gallon 
of waste, and the mix w i l l  be expensive. If a grout strengtb of about 100 psi could be tolerated, a 

mix with 4 to 5 lb of cement per gallon could be used, and the mix cost would be lowered signifi- 
cantly. 

Suspending Agents 

When a slurry containing only 4 to 5 Ib of cement per gallon of waste is allowed to stand with- 
out stirring, the cement powder settles toward the bottom, leaving clear liquid on the top (phase 
separation). To take up the excess liquid and to  keep the solid phase in suspension, bentonite is 

generally added to such lean cement mixes. In the waste solutions to be injected, however, the 
concentration of dissolved ions is extremely hi& - in excess of 5 M. Under these conditions the 

bentonite flocculates and is ineffective as a suspending agent. Since attapulgite is known to be a 
more effective suspending agent in high-molarity sa l t  soluti~ns,~ it  was tried and found to be ef- 

'R. E. Grim. Applied Cty Mineralogy, p. 287. McCraw-Hill, New York, 1%2. 
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pounds cement per qollon of water 

Fig. 5.2. Comprossivo Strength ond Cement Cost v s  Camont Conconhatton in Slurry. 
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fective and a good sorbent for the excess liquid. Several f o m s  of attapulgite were tried. m y  
attapulgite 150 (Attagel 150) wes effective; attapulgite RVM and attapuigite LVM were no more ef- 
fective than bentonite. 

The relative effectiveness of attapulgite 150 and bentonite in preventing phase separation can 

be s e e n  in Fig. 5.3. The basic slurry contained 5 lb of cement per gallon of IOX waste; 10% of 
attapulgite and 10% bentonite (montmorillonite) by weight of cement were added to this basic 

slurry (Fig. 5.3e and b ) .  Approximately 20% phase separation is seen in the bentonite-bearing 
slurry. Increasing the addition of bentonite to 15 and 20% by weight of cement did not reduce the 
phase separation. 

Hence, in enticipation of having to deal with ORNL’s evaporator concentrate containing dis- 
solved salts and caustic exceeding 5 M, we selected attapulgite 150 for use as the suspender in 

subsequent mix formulations. 

Fig. 5.3. Comparotlve Bahavior of Mixos Containing Attopulgito (a) and Men+moriIlonite (b) os Surpendec 
Inersosing montmorillonite by 50% (e) and 100% (dl did  not improva phoro soporation. 

rs . 
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Low-Cement Mixes 

To obtain compressive strengths of approximately 100 psi after seven days of curing at  80°F 
required about 4 to 5 Ib of cement per gallon of waste, as shown in Fig. 5.2. Earlier tes ts  had 

shown that varying the salt and caustic concentrations did not significantly change the compressive 
strength of grout cured at 80'F (Fig. 5.4). The cement content, therefore, w a s  tentatively fixed a t  
4 to 5 Ib per gallon of waste. As noted in the previous section, the suspender selected for our ap- 

plications was attapulgite 150. Table 5.11 shows the properties of slurries and grout prepared with 
either 4 or 5 Ib of type I or type 11 cement, with varying amounts of attapulgite 150 and with two 
different retarders. The results of these t e s t s  led to several conclusions regarding the selection 
of mix materials. When type I cement was used with 1OX waste, the compressive strength decreased 
after 14 days; when type II cement w a s  used, the strength developed gradually and decreased only 
slightly after 28 days. Since further wastes would contain the high sa l t  contents, particularly 
sodium sulfate, type IX cement was chosen because it is normally more resistant to sulfate deteri- 
oration. 

None of the m i x e s  in Table 5.11 satisfied the fluid loss requirements set initially. Mix 1 
(Table 5.11) had a fluid loss of 138 cc; when bentonite was substituted for attapulgite, the fluid 
loss was 239 cc. When 0.8% CMHEC w a s  used in place of 1.5% CLS, the attapulgite-containing 
slurry showed a loss of 82 cc and the bentonite-containing slurry had a loss of 47 cc, These re- 

su l t s  raised an interesting question: If CMHEC works well with bentonite, which is known to 
flocculate in the 10X waste, would attapulgite work equally well if it were in a flocculated 

state? To obtain an answer to this question, attapulgite LVM, which flocculates in 1OX waste,  was 
substituted for attapulgite 150. With 0.8% CMHEC a s  the fluid loss additive, fluid loss was 28 cc,  
which was lower than that observed with bentonite. These results suggested that CNMEC would 
be effective in flocculated clay systems. The requirement of no phase separation further suggested 

h 
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Tablr 5.11. Slurry Evoluotion of Low-Cument Mixes with 1OX Synthetic Waste 

Values in prenthescs represent data obtained on rechecking of certain s h i e r  
N. D. = not determined 

__ ~ 

Thickening TimQ to 
Slurry AttPpulOlte 150 Vbcollity "t8f Fluid LO88 30 Poises,b 

1000  ft. 88F 
(hr:min) 

Retatde? (poises) Sep.ntian (cc/30 No. ( W e P l )  
at 2 0  min (cc/250 cc )  

1 
2 
3 
4 
5 
6 

7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
i a  

19 
20 

0.278 
0.560 

0.600 

0.700 
0.700 
0.700 
0.704) 

0.278 
0.347 
0.347 
0 3 7  
0.347 
0.347 
0.347 
0.347 
0.500 

0.600 

0.700 

0.5 00 
0.500 

4 Ib Type I Crment per Gallon of 1OX Waste 

CLS, 1.5% 2 0.8 138 
DGL, 0.370 5 1.0 1 63 
DGL. 0.3% 8 0.8 145 
DGL, 0.39; 9 0.1 131 
DGL, 0.4% N.D. N. I). N. D. 
CIS, 2 . a  N.D. N. D. N.D. . 
CLS, 2.5% N. D. N. D. N. D. 

5 Ib Typ. I Cement por Golfon of 10X Waste 

CLS, 1.5% 
cfs, 1 . S I  
CLS, 1.5% 
crs. 2.0% 

CLS, 2.5% 
DGL 0.m 
DGL, 0.2% 
DGL, 0.3% 
DGL, 0.3% 
DGL, 0.3% 
DGL, 0.3% 

3 
4 
1 
N. D, 
N. D. 
1 
N. 0. 
2 
5 ( 9  
9 
12 

0 
0 
0.4 
N. D. 
N. D. 
3.4 
1.5 
2.9 (3.0) 
1.1 (1.0) 
0.7 
0.2 

172 
134 
164 
N. D. 
N. D. 
208 , 
N. I). 
211 
157 (160) 
139 
124 

5 Ib Type 11 Cement per Ga11om of 10X Wasto 

DGL, 0.2% 8 0 146 
DGL, 0.3% 3 0.8 198 

6:26 

N. D. 
N. D. 
8:22 

11:17 
5.07 
6.08 

N. D. 
4:m (3:49) 
4:09 
4:49 
5:4a 
5 5 7  
6:ll 
9:36 (10:14) 
9:46 (9:30) 
N. 0. 
N. D. 

7:18 
11:20 

b m p r e s s i w  Strength (psi) a t  6 9 F  ond Indicated Curing Tim8 

2 days 3 d.YB 4 days 7 days 10 doys 14 days 28 days No. 

2 90 135 2 60 345 175 
9 45 85 125 70 

14 130 2 0 0  360 365 1 90 
15 95 180 32 0 395 21 0 
16 130 22 0 360 370 325 
19 85 175 2 75 255 
20  35 170 250 235 

'CLS = calcium lignosulfonete; DGL = delta gluconolactone. 
bThickcnmg times a n  reported to 30 poises viscosity because low quantities of cement do not p c d t  

attainment of 70 poises. 



the desirability of a highly dispersed system. For extremely low fluid loss,  attapulgite LVM or 
bentonite with C m E C ,  in addition to the attapulgite 150 (needed to suspend the cement), ap- 

peared to be the answer. 
Several of the m i x e s  shown in Table 5.11 m e t  the requirement of 8 hr thickening time, particu- 

larly the mixes containing DGL (delta gluconolactone). Since these formulations were tested a t  
ORNL before w e  had procured the Consistometer (an instrument used to measure apparent viscosity 
of slurries under controlled temperatures and pressures), Vicat tes ts  were  used to determine the 

thickening time. The t ime required to reach initial se t ,  as indicated by penetration of the slurry by 
the Vicat needle, is a rneasulement of the thickening time. These data indicated that longer 
thickening times could be obtained with CLS and CMHEC if bentonite was used as the suspender; 

however, a s  mentioned earlier, the bentonite flocculated and the slurries s e t  with about 20% phase 
separation. Sodium lignosulfonate (SLS) was not effective as a retarder, and the bulk density was 
high. These tests  were important in bringing to light the problem of solid/liquid proportioning 
caused by air entrainment (low bulk density), 

Defoaming Waste Solutions and Deaerating Slurries 

In many of the tes ts  conducted during development of mixes, it was noticed that the bulk den- 

s i ty  of the slurry was extremely low (Table 5.12). Also it was noted that foam collected on the 
slurry in the Waring Blendor. The cause of the low bulk density was obvious; numerous air 
bubbles could be seen in the slurry. Since the basis of control of solids to liquid proportioning in 
the plant is the relationship between the amount of solids in the m i x  to the slurry density, air  en- 
trainment in the slurry had to be prevented or a t  least minimized, Furthermore, air  entrapment in 
the slurry would be expected to reduce the efficiency of the high-pressure injection pump and to 
cause excessive vibration of the high-pressure piping. 

Two defoaming agents, tributyl phosphate (TBP) and silicone, were  tested with a m i x  contain- 
ing calcium lignosulfonate a s  retarder (Table 5.13). At the same concentration level, TBP was 
almost twice as effective as silicone; hence TBP was selected. 

In comparing the effectiveness of TBP for deaerating mixes  containing CLS, SLS, or DGL, it 
was found that DGL slurries approached “theoretical density” when the retarders were present in 

&sired amounts. Sodium lignosulfonate (Polyfon H and F) reduced the air  entrainment of slurries 
when substituted for CLS, but the slurry s t i l l  contained appreciable air bubbles (Table 5.13), Not 
only did we select TBP as the defoaming agent, but the data in this table gave another reason for 
selecting DGL a s  the extender. 

Since TBP is a liquid and is only slightly miscible in water, provisions were  made to add 250 
ppm of TBP in the waste feed line in the plant so that the TBP would be thoroughly mixed with the 
waste before it reached the jet mixer bowl a t  the bottom of the dry solids hopper. 

. 
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Table 5.12. S l u q  Propwtirs of Laan Com~t-Warto Mixer 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

4 

4 

4 

4 

4 

4 

4 

4 

S 

5 

5 

5 

5 

5 

Attopulgite 150, 6.6% C-C, O S %  

Attapalgite 150. 6.6% 

Att8wlgitc 150, 6.6% CMHEC, 0.8% 

Attapuigitt 150, 6.6% CIS, 1.5% 

Attaprlgite 150, 6.690 CLS, 0.75% 

Bentonite, 6.6% CMHEC. 0.8% 

Bentonite, 6.69. CLS. 1.5% 

Bcntarite, 6.6% CLS, 0.75% 

Attapllgite 1 SO, 6.9% CLS, 1.5% 

Attsgpigite RVM. 6.9% CLS. 1.S% 

Att.~lgitc 150. 6.% SLS, 1.5% 

AttPwlgits 150, 6.5% SLS, 3.0% 

Attamlgitc 150, 6.5% CFR-1, 0.270 

Attapulgite 150,6.9% 

1.39 

1.09 

0.96 

1 .oo 

0.90 

1.33 

1.25 

1.25 

1.60' 

45 

22 

7 0  

70 (6:26) 

65 

236 

472 

44 (4:oo) 

c20 

17 

(557) 

82 

104 

99 

47 

239 

78 

124 

85 

90 

208 

'CMIiEC = carboxymethyl hydroryctkyl cellulose; CLS = calcium ligncaulfaute; SLS e sodium 

%i(puer in parentheses refer to  Consistowtar pumping time foa 1ooO.tt schedule. A relationship be- 
6Uu-tC; CER-1 z delta glucOnOkCt~~. 

twsen Consistometer readings and Vicat teadings is given in runs 4 and 9, where 70- end 44-k Yicat read- 
ings were found to k equivalent to 6:26 and 4:OO Caoristoarcter seedinga respectively. 

cSlurry pcp.red without foaming; bulk density is marimurn attainable for this mix. 

Radionuclide Retention by Low-Cewnt Mixes 

During the course of developing mixes, several changes cceurred which made i t  desirable to re- 
investigate radicmuclide retention by mixes. First ,  the waste solution used in tes t s  was concen- 
trated tenfold (lox), and this meant that ions competing for sites on the sol ids  also increased ten- 
fold. Second, the solids content was reduced €tom approximately 14 Ib per gallon of waste to 4-5 
lb/gal. Third, attapulgite w a s  substituted for bentonite, which had been used in earlier tests. The 
results in Table 5.14 show the retention of "'6s and $'Sr by the slurry almost immediately upon 
contact with IOX waste. Radiostrontium retention was excellent (98%) ; I 7Cs retention was UI)' 

satisfactory, probably due to the increased salt content. The addition of about 10% (by weigbt of 
cement) Grundite (iliite clay) increased the 7Cs retention to 85%. 

%. Tam- and D. G. jacobs. '"Gtructprpl Implications in Cesium Sorption," Health Phya. 2, 395-98 
(1960). 
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Table 5.13. Influonem of Additivms on tho Donsity of Slurries 

Basic slurry components: 

1OX synthetic waste - density = 10.90 lb/gnl 
5 Ib Volunteer type I cement per gallon of 1OX waste 
0.347 Ib attnpulgita 150 per gallon of 1OX waste 

Slurry density (without fomming), 13.40 W g a l  

Actual Slurry Density (lb/gal) 

Retarder* Other Additiveb Immediately 1 m i n  20  m i n  
After Mixing' After ,Wing' After Uixingc 

CLS. 1.5% None 8.80 9.22 9.02 

CLS, 1.5% TBP, 250 ppm 12.25 12.71 13.12 

CLS, 1.5% TBP, 500 Ppm 12.26 12.65 13.21 

CLS, 1.5% Silicone, 250 ppm 10.88 11.28 11.88 

Polyfon H, 1.5% None 10.57 11.88 12.45 

Polyfoa F, 1.5% None 11.62 12.34 12.94 

Polyfon F, 1.570 TBP, 250 ppm 12.65 12.81 13.03 

DGL, 0.1% None 1 0.76 11.22 13.38 

DGL. 0.170 TEP, 250 ppm 13.05 13.15 1 3 . 3 ~  

DGL, 0.270 None 10.42 11.48 13.39 

DGL, 0.2% TBP, 250 pm 13.24 13.24 13.38 

'Polyfon (West Vir- Pulp and Paper Company), sodium Lignosu~oantes with vorying degrees of 

%aterip1 added to IOX waste a s  potential defoilmtrs. TgP = tributyl phospmte; silicone = UCC SAG 470 

'hiking was done in a Waring Blendor. Times shown between density measurements were used for slow- 

sulfonation: H = 5.8% sodium sulfonate group9 and F P 32.890 sodium sulfonate groups. 

silicone antifcmrn emulsion. 

s p e d  stirring of the sluny. Approximately 1 min will be applicabla to field mixing of the slurry in terms of 
possible air removal pior to displacement into the well. 6 

Figure 5.5 shows the leaching of 137Cs and 9?3r from low-cement grouts (5 lb/gal) prepared 
with 1OX waste and cured for 7 days. Radiocesium leach was higher (8.890) than the 5% leach ob- 
served with the high-cement-content 1X waste grout. Radiostrontium leach reached a maximum of 
2.47% after 20 days; this value may be compared with the 2.70% leach after 15 days of the grout 
prepared with 1X waste and 14 Ib of cement per gallon. It appeared therefore that decreasing the 
cement and increasing the dissolved s a l t  content of the slurry had little effect on the leaching 
behavior of the grout. It is believed that the 90St leach w a s  reduced in the 1OX slurry because of 
the higher caustic content, which kept calcium hydroxide in the slurry as a solid and thereby re- 
duced the leaching of 90St. The increase in 137Cs leach w a s  not as high as expected, perhaps 
because of the better 137Cs retention properties of attapulgite a s  compared with the bentonite 
used in  the early leaching tests. 
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Tablo 5.14. 13'Cs ond "Sr Aciivity in Fittrot. from Fluid-Loss Tests of 
Low-Cernont Mixes with 1OX Wart. 

Activity 
Camat Content Att8pllgite CLS Retader Fluid Lo88 R.dioauclide 

(%I 
(Ib /mQ (74 (%) (cc/30 min) S l W  

137cs 41.3 

85s* 99.2 

88 
1 4 6.6 1.5 

6.6 1 .s 88 1 3  70 63.06 2 4 

8% 99.2 

137C. 31 .O 

1.5 79 5 6.9 

5 6.9 

3 

4 1 .s 78 

6.9 1.5 78 13'c. SS.6' 5 5 
5 6.9 1.5 94 137cs 33.3 

6 

7 8% 98.1 1.5 91 5 6.9 

'Illite cky added; 5% by w e w t  of ameat 
%Ute clay added; 10% bg wekht Qf C C W n L  

fig. 5.5. Leaching of Radiocerium and Rodiartmntium from Low-Ce-nt Mix. 
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Additives to Improve Radionuclide bt8nt ion 

A t  this s tage of mix development, w e  had m e t  the requirements originally s e t  (Table 5.1), with 
the exception of fluid loss. The requirement dealing with maximum fluid loss was difficult to 
evaluate. However, information obtained during the course of the investigation suggested that we 
could relax from an upper limit of 60 cc. The observations which suggested this change included 
the following. In the second fracturing experiment, the injection w e l l  and the nearby observation 
well  leaked fluid long after the slurry had set up, indicating that not all  of the fluid had been 
incorporated in the set grout. If the disposal formation was somewhat permeable, the fluid would 
have permeated the formation and little, if any, would have leaked from the w e l l s .  In a later test, 
in the present well, following injection with water and then water plus fluid loss additive, the 

flowback results indicated that the fluid loss additive had little or no effect - further evidence that 
a fluid lo s s  additive was not needed. Hence, it was decided to eliminate the fluid loss additive in 
futuse tes t s ;  if later injection experiments should reveal the need for this additive, it could then be 
incorporated. Moreover, even if liquids were  to escape into the formation via fluid loss or phase 
separation (discussed later), such losses in themselves would not be seriously detrimental if the 
radionuclides remained in the solid grout. Efforts to enhance radionuclide retention in the solid 
phase were  therefore intensified. 

Table  5.15 lists the various formulations with the accompanying reductions in activity in the 

€hid phase following application of the fluid loss test. Fluid loss values, though higher than the 
requirements in the original specifications, range from 82 to 280 cc; these values may be compared 
with 600 cc for neat cement and water. The results show that illite w a s  beneficial for 137Cs re- 
tention. Though pozzolan (Kingston fly ash) improved OOSr retention, it should be mentioned that 
the primary reason for the addition of pozzolan was to reduce the mix cost (as a substitute for the 
more expensive cement). Since * 7Cs is the more abundant radionuclide in ORNL's waste and 
since the earlier leaching tests (Figs. 5.1 and 5.5) showed that 137Cs could be leached from the 
various grouts, the use of an illite additive for I3'Cs retention was strongly indicated. 

Activity reductions during fluid loss t e s t s  a n  representative of radionuclide losses  from the, 
liquid phase of a slurry. The loss or leaching of radionuclides from set grout is a separate 
problem. Grouts were prepared in the laboratory in 2-in. cube molds and leached with water. Most 

of the tests were performed with synthetic waste spiked with either 137Cs or *5Sr; several tests 
were  run with actual OWL waste soiutions in which 
radionuclides. Comparison of grouts with and without illite showed reduced leaching of 
a factor of about 4 (Table 5.16) when illite w a s  present. The choice of illite was made on the 
basis of our earlier work, which had identified and demonstrated that illite w a s  a highly selective 
sorbent for radiocesium. 'I It may be mentioned that bentonite can be made to selectiveiy sorb 

7Cs and 06Ru were  the predominant 
7Cs by 

'T. Tarn- and D. G. Jacob, '*&amproving Ceaium Selectivity of Bentonites by Heat Treatment," Health 
mY8. 5. 1 4 9 4 4  (1%1). 



Tabla 5.15. Reduction of Rodlonuctide Act iv l ty  in Flitrate from Fluid Loss Tosts 

Activity 
Slurry Cement Content Attapulglle DGL' Waste Fluid Loes Reduction 

(Weal )  (7.1 (70) Type (cc/30 mln) (%) 
Comments 

1 14 0 0 1 ox 121 '37Ce 10.65 Fleah sat 

2 14 0 0 1 ox N. D. 1 3 7ce 66.00 

3 14 2 0.15 1 ox 137 ' 3 7 c s  58.07 

4 14 2 0.1 5 I ox 135 '0sr 97.27 

5 10 4.6 0.10 1 x  N. D. '37Ca 92.52 

6% bentonite, flesh set b 

9 

10 

IO 

1 0  

10 

0 

7 

4.6 0.10 1x N. D. I3 7cs 98.48 5% illite 

4.6 0.10 1x 178 '"Sr 80.87 5% illit8 

3mo po2zolen. 5% illite 4.6 0.10 1x 1 ao 9% 88.10 

4.6 0.10 t x  82 9 o ~ r  %.BO 

(10 Weel)  
100% pozzolan (10 lb/guI) 

replaced portland cement 

10 0.30 1x 231 'Os, 81.14 7% illite 

30510 pozzolsn, 7% illite 1 1  7 10 0.30 1x I 9 6  '0sr 86.23 

12 7 10 0.30 1x 135 ' 3 7Ce 97.lO 7% illite 

7% illite 13 - 7 8 0.3 1x 1 3 7 ~ ~  98.52 

14 6 12 0.3 3 x  152 9% 

15 6 12 0.3 3 x  160 '0sr 92.70 12% illite 

95.08(97.53) 25% pozzolan, 12Y0 illite 

58% pozzolan, 109. IllAte 

58% pozzolan, 10% illite 

58% pozzolan, 10% Illite 

16 4.5 16 0.3 3 x  188 OOSr 95.74 

17 4.5 16 0.15 3 x  177 9%r 96.55 

18 4.5 16 0.05 3 x  21 9 '0sr 94.06 

19 4.5 16 0.05 3 x  2 79 9% 93.46 58% pozzolan 

4.5 16 0.05 3 x  2 80 3 7Ca 88.88 587% pozzolan 20 
21 4.5 16 0.05 3 x  216 13Tcs 96.68 58% pozzolan, 10% illite 

587, pozzolen, 209. lilite 22 4.5 16 0.05 3 x  181 ' 3 7Ce 97.66 

"DE ~ t e  g luconotac tone. 
'N. D. = not determined. 
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Table 5.16. Percentage of Rodioaotivity Leachod from Grouts Prepared with 
ORNL Wasie and Spiked Synthetic Wasro 

Grouts cured for seven days end leached with tap water for 500 hr 

Percent Leached from Grouts Prepared with - 
Cement Illite Clay 

Grout Content Waste ~ y p s  Additive 
( W g e l )  ( W g a  1) NO. 

Synthetic Waste 
Tagged with - O W L  

Wastea 
%c 137cs 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

5 

5 

6 2  

6 %  

7 

7 

10 

10 

I4 

14 

614b 

6’4 

6’4‘ 

61/2d 

1 ox 

1 ox 

1x 

1x 

0.1x 

0.1x 

1x 

ZX 

1 ox 

1 ox 

1x 

1x 

3x 

3x 

0 

0.40 

0 

0.45 

0 

0.45 

0 

0.50 

0 

0.28 

0 

0.50 

0.50 

0.50 

2.47 

2.69 

8.85 

5-80 

18.9 

23.0 

3.81 

5.07 

0.82 

2.26 

3.45 

3.70 

0.80 

0.1 0 

8.81 

1.98 

8.62 

3.70 0.50 

16.4 6.80 

4.73 2.23 

7.86 12.0 

1 .a9 

5.74 7.59 

1 .a4 

~ 

‘Radionuclides in ORNL waists were primarily 13’Cs and loSRu. 
*The cement was substituted with 58’7’ pozzolan (Kingstan fly ash) .  
‘Grout was cured fm 28 daya. 
dGrout was curad’fa 28 dmys and c e m n t  was substituted with 25% pozzolan. 

radiocesium and substitute for illite. a The treatment, which is simple and effective, consists in 
heating the bentonite to 500-6OO0C; the resultant product is as effective as illite. Other sorbents 
for radiocesium and radiostrontium have been investigated in this laboratory and reported. a 

Waste composition, curing time, and the amount and kind of solids in the mix had a marked in- 
fluence on the leaching of *%I; the lowest leaching was observed in the grouts prepared with the 
highest cement content (14 lblgal) .  Data were presented earlier for 14 Ib/gal cement in XX waste 

‘T. Tarnurn, ‘‘Development and Applications of Minerals in Radioactive Waste Disposal,” ROC. Intern. 
C l a y  Cod.  1, 425-39 (1966). 
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(Fig, 5.1) which when cured for 28 days leached approximately 0.25% and when cured for 7 days 
Leached 2.10%. The high leach of '%r from grouts 5 and 6 was probably due to the low hydroxide 
content of the waste,  which, when leached, would allow more calcium hydroxide to dissolve in 
accordance with the law of mass action. It cannot be due to the cement, s ince  grouts prepared with 
lower cement additions in l X ,  3X. and 1OX wastes  leached less radiostrontium. In comparing grouts 

3 and 4 with 11 and 12, it is seen that the substitution of pozzolan (Kingston fly ash) for cement 
reduced the E5Sr leach. Forther evidence of this reduction is shown in the rrsuIts with p u t s  13 
and 14. From these data in Table 5.15, one can conclude that the reduced leaching of radiostron- 
tium from the final grout is favored by high cement content, by substitution of cement with pozzolan, 
by long curing time, and by high caust ic  content. 

One of the reasons for substituting pozzolan for cement in the waste mix was revealed by the 
analysis of grout leachates. It was found that a significant amount of calcium was leached in 

addition to the salts normally present in the waste. Presumably, this calcium came from soluble 
compounds formed in the cement as it set. The anaiytical data confirmed that the amount of radio- 
strontium leached w a s  directly proportional to the amount of calcium dissolved from the grout 

(Fig. 5.6) .  It was reasoned, therefore, that reducing the soluble or leachable calcium from the 
p u t  would reduce the amount of radiostrontium leached from the grout. One way to reduce the 
soluble calcium in concrete is by partial substitution af pozzolanic material for portland cement 
Pozzolanic materials arc highly s i l iceous and aluminous materials which, by themselves, would not 

set when mixed with water or waste  low in calcium. With the addition of pozzolanic material, 
calcium hydroxide in the cement, which contributes little or nothing to  the strength of set cement, 
would be decreased and a lime-pozzolanic product would be f0nned.O 

'F. M. h a ,  The ChSmiSLry of Ccnrsnt and Concrete. p 379, Edward Arnold Ltd., Londou, 1956. 

Fig. 5.6. Loochlng of Radisrtrontium as o function of Calcium Conemirution in thr Loaehato. 
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Fly ash from the nearby Kingston steam plant, a source of cheap pozzolanic material, w a s  

substituted for a portion of cement in the mix, and the leaching properties of the resultant grout 

were investigated. Tests showed that Kingston fly ash did indeed reduce the free l ime content as 

well as the soluble calcium. Figure 5.7 shows the reduction in free lime and calcium as a function 
of the amount of fly ash added. Further tests with tracers confirmed the belief that the partial 
substitution of fly ash for cement would reduce the leachability of radiostrontium from the set 
grout. In a mix containing 2.0 Ib of cement and 2.5 lb of fly ash per gallon of 1X waste, the 
radiostrontium content in the leachate was 2.50%; this value may be compared with 5.80% leaching 
from the mix containing 6.5 lb of cement. 

ORNL-DWG 67-6mo 
5 :  I I 1 I I I I 1 

8 I 

i 4  L 

z 
W 
I- 
2 3  
0 
0 

W 
w 4  E 

0 
0 1 2 3 4 

KINGSTON FLYASH (Ib/gal) 

Pig. 5.7. Fno Lime and Culcium Oxide Concentmtim a s  a Funetlon of Porzolon Content in Grouts. 
Cemont plus poxzolan content oqual 4.5 Ib/gol. 

During the m i x  development program, it was first necessary to provide mixes which would meet 
the engineering specifications. The additional additives (i. e., illite for radiocesium retention and 
fly ash for radiostrontium retention) were not used in the initial field experiments. Illite was 
added to the mix used in the fifth experimental injection and subsequent injections, and Kingston 
fly ash was used only in the sixth and seventh injections, The overall performance of these mixes 
will be described later in this report. 

MODIFYING SLURRY PREPARATION IN THE LABORATORY 

In laboratory tes ts  of mix formulations prior to an injection in the field, the procedure for p r e  
paring slurries consisted in (1) stirring preblended solids and the waste solution in a Waring 
Blendor for 15 sec a t  approximately 4000 rpm ur more (to simulate conditions in the jet mixer of the 
shale fracturing plant) and (2) operating the Blendor at  about 10,000 rpm or m o r e  for 35 sec (to 



simulate conditions in the high-pressure l i nes  to the wellhead and in the injection well during 

pumping). This is the standard procedure used in the petroleum industry for testing oil-well 
cement slurries. 

As the mix development program progressed, we observed that phase separation was sensitive 
to the shear  stresses applied to the slurries,  particularly in mixes low in cement and high in 
attapulgite. In such mixes ,  phase separation increased with decreasing shear. Thus, since mix 
formulations of low solids content with no phase separation were  the desired g o d ,  it became a 
matter of considerable importance to make certain that shear induced in the Waring Blendor w a s  
essentially the same as that induced by mixing and pumping equipment in the shale fracturing 

plant. 

For the laboratory tes ts  of mixes used in the first six experimental injections, the Waring 

Blendor was used for the time intervals specified above at 5200 and 10360 rpm respectively. In 
injection 6, however, samples of slurry taken immediately af* the jet mixer in the shale fracturing 
plant were brought back to the laboratory, restirred in the Wating Blendor a t  10,560 rpm, and placed 
in 1Wcc graduates for measurements of phase seperatioa It was found that the bulk density of 
the plat-mixed slurry was 10% beloto the desired minimum solids, and its phase separation mas- 
ured approximately 3056. Tests of the same formulation, based on bulk density, prepared in the 
laboratory showed only 10% phase separation. The difference of 20% was ascribed to lower shear 
imparted by the jet mixer in the shale fracturing plant. To simdate the shea r  applied in the plant 
more closely, the formulation of the mix for the next injection (injection 7) w a s  based on the slurry 
properties determined after mixing and stining at 4000 tpm for 50 sec. With higher speeds of the 
Waring Blendor, less salids w e e  required to prevent p b s e  separation, The acceptability of using 
a lower shear to formulate mixes depended on the behavior of the field slurry and the bleedback 
from the formation after the slurry had set. Subsequent field tes ts  supported the choice of the 
lower speed and thereby lower shear, a s  evidenced by the pumpable nature of the slurry and the 

reduced bleedback. More work is required to establish more reliable laboratory tests for field 
application and to establish applicability of field observations to laboratory behavior. However, 
until the work is completed, formulations are being based on using the Waring Blendor a t  speeds of 
4000 rpm. 

PHASE SEPARATION 

It then became necessary to reevaluate the properties of m i x e s  of low solids content whose 
slurries had been subjected to different shear  stresses. It was found that radionuclide retention 
and thickening times were not sensit ive to the shear s t r e s ses  applied to the slurry; the initial 
consistency was higher with higher shear, but the final thickening time (measured in the Con- 
sistometer) w a s  the same. Phase separation, however, was found to be highly sensit ive to the 
shear. In addition, phase separation was sensit ive to composition of the waste and of the solids 
blend. 



Phase  separation a s  a function of waste concentration is shown in Fig. 5.8. Note that the 

maximum in separation occurred with 3X waste; this suggested that any formulation with 3X waste 
showing no phase separation would be applicable to other waste concentrates with minor modifica- 
tions. This might not apply to slurries formed with water. Water slurries are important in this 
connection because the actual disposal operation s tar ts  with water slurries (to check the operation 
of pumping and mixing equipment) and ends with water slurriek (to clean the system and thereby 
reduce contamination in the high-pressure piping and in the injection well). 

Two ingredients in the solids blend were found to affect phase separation. As expected, the 
amount of attapulgite had a strong influence on phase separation. This is shown in Fig. 5.9. The 
higher the content of attapulgite, the lower the phase separation; however, the higher the attapulgite 
content, the more viscous the slurry. In addition, DGL exerted a strong influence on phase separa- 
tion. With increasing amounts of DGL (normally used to incxease thickening time), the phase 
separation increases (Fig. 5-10). DGL also reduces the viscosity of the slurry; hence, when 
attapulgite content i s  high, higher amounts of DGL are used to reduce the viscosity. 

In Fig. 5.11, the minimum blend necessary to prevent phase separation in waste concentrations 
up to  3X is plotted. Curves A and B represent two different formulations. In case A ,  the DGL 
content was higher, and tho thickening time for the 1000-ft squeeze schedule w a s  17 hr. In the m i x  
with lower solids, B, the thickening t i m e  was approximately 7 hr for the same squeeze schedule 

(3300 ps i  and 89OF). Acceptance of this formulation was based on the fact that the formation tem- 
perature is about 65OF, and w e  had found that as the temperature decreased, the thickening t ime 
increased. Application of formulation B was not attempted until after the ser ies  of experimental 
injections was completed and disposal by hydraulic fracturing was adopted for routine use a t  ORNL. 

- 1 I I I I I I I I 
2.5 CEMENT 1 

I 3.0 POZZOLAN 
0.45 ILLITE 
i -0 ATTAPULGITE 
0.005 OGL 
6.955 Ib/gal 

SLURRY PREF'ARATION : 
50 sec AT 5200 rpm IN \ WARING BLENDOR 

/ 
0 3  

'.\ 
-0 1 2  3 4 5 6 7 8 9 1 0  

WASTE CONCENTRATION (RELATIVE TO !X I  

Fig. 5.8. Influonce of Wastr Concentration on Phasr Separation. 
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ORNL-DWG 67-6462 
40 6 I 1 1 

2.5 Ib/gal CEMENT 
3.0 Ib/pal POZZOLAN 
0.45 Ib/gol ILLITE 
0.005 lb/gd DGL 

WASTE = 3X 

SLURRY PREPARATION : 50 so(; 
AT 52UOrprn USING WARING 
BLENDOR 

- 

- 

*\ 

0.8 0.9 1.0 0 
0 *? 

ATTAPULGIE CONTENT (ib) 

Fig. 5.9. Influonce of Attapuigite Cont.nt on Phose Separation. 
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I I I I I /r I 
2.0 Ib/gal CEMENT 
2.0 Ib/gal POZZOLAN 
0.95 Ib/gal ATTAWLGITE 
0.50 Ib/gal ILLITE 

WASTE = 2X 
SLURRY PREPARATION: X) sec 
AT4000rpm USING WARtNG ' 

BLENDOR 

DELTA GLUCONOLACTONE ( x ~ O " ~  Ib/gal) 

Pig. 110. Influence of o Retwder on Phase Separation. 
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B '  
CEMENT 3.0 2.5 
POZZOLAN 2.5 2.5 
ILLITE 
ATTAPULGm 0.75 1.0 
DGL 0.005 0.002 

SLUm?Y WKPLLRITION: 50 sac 
AT 4ooo rpm USING WARtNG 
BLENDOR 

I I 
t 2 3 

Fig. 5.11. Minimum Amount of Solid Blond Roquind to Prevent Phase hparot im for Two Formulations. 
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MIX FORMULATION PROCEDURE 

The following is the mcommerrded laboratory procedure for formulating mixes of ORNL-type 
waste for disposal by hydraulic fracturing: 

1. Sampk and analyze the was te  to be injected. 

2. %pare solids blend containing the following materials: 

Portland cement type XI, gypsum retarded or equivalent 
Pozzolan as desired and ns available 
Attapulgite gelling clay 
U t e  
Delta gluconolactone 

2.5 parts 
2.5 parts 
1.0 part 
0 3  port 
0.002 pert 

3. P m p r e  slurry using SSO cc of waste in Iqt-s ize  Waring Blandor, If waate a p  
proPChe8 ORNL waste typa (Table 5.21, SOU& addition will depend on waste 
composition as s h m  in Fig. 5.10. Add solidr, uning IS scc to pour into Blendor 
and 35 sec of additional stirring. Blendor should be calibrated t o  rotste a t  4000 
rpzn at  no load. 

4. Pour slurry into 2 S h l  gmduate to estimate phase seporation. 

5. After 2 to 4 hr, determine phsse sepjtration. Increase or decreacle proportion d 

solids, depending on phase sepprntion. It no phase sepprption occurs, decrease 
s o u r  to obtain minimum solids content necessary to pevent +sa  seperation. 
Generally 5 to 10% change in solid8 ia sufficient to  obtain s i l u r ~ ~  with no phase 
sepnration it waste composition is s imihr  to OKNL’s waste. 

6,  hcreat3s addition of solids by 10s. over th.t amount which yielded no phase scpera- 
tion, and d x  aa in s tep 3. (The increase over the minimum amount is suggested to 

allow f1m in the control of solids/liquid proportioning.) Determine thickeniug 
time of the slurry in Consistometer uahg appropriate temperature and pressures. 
Use A m  squeeze schedule, depending on the depth of the injection wel l .  For a 
1000-R well, the temperature is @F and thc p r a s s ~  i s  3300 psi (temperature 
changed t t e r  to 65OF). 

7. Increase or decrease delta gluconolactonc (DGL) content to obtnin desired thicken- 
ing the; redetermine phase separation if DGL content is changed. Desired thicken- 
ing tima depends on the volume of waste to be disposed and the rate of disposal. 
Equipnent at  ORNL is capable of pumping approximately 15,000 gph and has storage 

capacity of approximately 100,000 gal. 

8. Prepere slurry using water and the solids blend, and determine as above for pcopcr 
ratio to pnvent phase separation. Water slurry is needed to  start and to end all  
disposal injectimo. 

SYNOPSIS 

Laboratory studies have shown that ORNL-type waste is compatible wi th  cement-base solids to 

provide pumpable slurries for disposal by hydraulic fracturing. The slurry requires a retarder such 
as delta gluconolactone to provide thickening times in excess of 3 hr. If the cement content is to 

be kept to a minimum, a suspender is required; attapdgite gelling clay serves this purpose for 
wastes of high sodium and caustic content. Bentonite is not effective as a suspender in wastes 
with high salt content. To improve radiocesium retention in the grout, illite clay should be used. 
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Pozzolanic material improves radiostrontium retention in p u t s  of low cement coritent and, in addi- 
tion, reduces the cost  of the mix, depending on the location of the source of pozzolan. 

Further work is needed to develop laboratory testing procedures that will  more closely simulate 
the mixing and pumping operations in the shale fracturing plant. Differences in shear stresses im- 
parted in the Waring Blendor and in the field equipmmt may result in wastage of solids by over- 
addition. Estimated cost of the low-cement mixes is */gal based on cement cost of l.Oq/lb; 
pozzolan, 0.3q /Ib; illite, 2.354 A b ;  attapulgite, l.SSu/lb; and delta gluconolactone, 5& /lb. 

... 

... . .  

. :.. 



6. Design and Construction 

DESIGN PARAMETERS 

The hydraulic fracturing plant is  situated about a m i l e  from ORNL in neighboring Melton Valley. 
The site was chosen because the subsurface geology of this area was known to a depth of 3263 ft 
(see Chap. 2), a waste transfer Line from the Laboratory was nearby, and the site was remote 
enough from the main Laboratory area so that any leakage of waste solution that might Occur would 
be much less serious than a similar leak in the Laboratory area. 

The surface operations of the hydraulic fracturing plant are basically similar to those of a w e l l  
grouting job - an operation performed daily by service companies in the petroleum industry. In 
these operations a cement grout is mixed and pumped down a well and out into the surrounding for- 

mations by one or more plmper trucks - trucks carrying large positive displacement pumps. A 

single pump is typically capable of pumping cement grout over a range of flow rates and pressures 
from 700 gpm at 1000 psi  to 105 gpm a t  6000 psi.' Since the expected injection pressure for the 
hydraulic fracturing experiments (about 2000 psi) falls comfortably within the operating range of 
these pumps, they were a natural choice for the job. It was not feasible to rent the injection pump 
because the radioactive waste solutions to be injected during the hydraulic fracturing experiments 
would contaminate the pump too badly to  pennit its release, For this reason, the injection pump 
would have to  be bought; and, since these pumps are quite expensive, there was considerable in- 
centive to use as few a s  possible. Ultimately it was decided to  buy one pump unit (pump, gear 
train, and diesel) for the injections and, in case the main pump should fail during an injection, 
have a pumper truck standing by that could pump water and cement slurry through the system to 
clear the wel l  for futurt use. Since the pumper truck would handle only water, sand, and cement, it 
would not become contaminated and thus could be rented. 

Three waste storage tanks with a total operating capacity of 40,000 gal were installed a t  the 

site of the shale fracturing plant. A t  the probable injection rate of 200 gpm the time required for 

each injection was thus fixed at a little over 3 hr, The rate a t  which waste solution can be pumped 
to  the site (25 gpm) is too slow far waste transfer during an injection to be useful for i nc re s ing  
the volume to be injected. Since it was desirable to keep the waste-cernent grout in a fluid s ta te  
for the entire injection period, special  additives were used to delay the sett ing time of the cement 
(see Chap. 5 ) .  

'Technical Data Sbeet. Halliburton Co., Duncan, O W .  
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The parameters of the hydraulic fracturing experiments - a semiremote Iocatioa, a 1 W f t  in- 
jection depth, a 200.gpm injection rate, and 40,000-gal batches - were  fixed by the considerations 
given above. In some of the later injections, it was found possible to substantially increase the 

site of the injection batch; othemise, these parameters were essentially constant throughout the 
experimental injection program. 

Early in the program a working arrangement was initiated with the Halliburton Company, a 
company with long experience in the techniques of fracturing and underground grouting. They 
furnished consultant services on m i 9  chemistry and p r e s s  design, sold the high-pressure in- 

jection pump and much other special equipment to OWL, and provided equipment operators and 

technical ass is tance during the experimental injections. 

EQUlPMEHT DESCRIPTION AND OPERATING PROCEDURE (AS OF 1965) 

Two main types of wells were used in  the hydraulic fracturing experiments: the injection we l l  
for the injetion of the waste and an observation well for the determination of the depth of the 
grout sheet. The observation well is a prototype for the mom numerous wells of this type that 
would be constructed neat an operating plant. A sketch of these wel ls  is shown in Fig. 6.1. 
Construction details of thu injection wel l  a n  shown in Figs. 6.2 and 6.3. 

A l l  waste injections were made through slots cut in the casing and sarrounding cement of the 
injection well. A s  the injection proceeded and the grout sheet spread out from the injection well, 
it sometimes intersected the cemented casing of the observation well. A gamma-sensitive probe 
then lowered into the obsematim well detected the presence of the grout sheet ,  thereby establishing 
the depth of the grout s k t  a t  that point. 

Both wel l s  are 1 6 0  ft deep, and both casings are cemented to the we l l  hole for their entire 
length. The bottom 350 ft of the observation well casing is cemented with a special low-strength 
cement. The main casing of the injection wel l  is 5*4 in. OD, and the main casing of the observa- 
tion we l l  is 2TB in. OD. 

and spare,  four bins to store the cement and other solid constituents of the mix, a jet mixer, a 

surge tank, a high-pressure injection pump, a standby injection pump and mixer, and assorted 
valving and special equipment. The arrangement of this equipment is shown in Fig. 6.4. The 
mixer, surge tank, injection pump, and wellhead valving are installed in cells to reduce the radia- 

tion exposure of the operators and limit the area that would become contaminated in the event of a 

leak in the equipment or piping (Fig. 6.5) .  The cells are made of a 12-in. thickness of concrete 
block and are roofed with  sheet metal A l l  necessary control operations are carried out horn out- 
side the cells during an injection. An overall view of the cells and the solids handling equipment 
is shown in Fig. 6.6. Shown are the bulk storage bins, the wellhead cell, the injection pump (to 
the right of the wellhead ceU) , the water storage tank (beyond the change house), and standby in- 
jection pump (far right). The valve handles that can be seen protruding from the wa l l  of the well- 
head cell are part of the h i&-pres sw valve rack. 

The equipment used for the injection of each batch of waste consis ts  of a waste transfer pump 
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ORNL DWG 43-5234 R l  

Fig. 6.1. Sketch of Wdls for fracturing Experiments. 

The injection pump is shown in Figs. 6.7 and 6.8. It is a Halliburton HT-400 triplex positive 
displacement pump mounted on a skid with a ten-speed transmission and a VT-12 Cummins diesel 
engine. During an injection the splash shield on the pump is joined to the w a i l  of the cell, thereby 
isolating the head of the pump inside the pump cell. 

A view of the top of the mixer cell is shown in Pig. 6.9. The air  s l ides  that carry cement from 
the bulk storage bins fetd into the top of the mixer hopper; the 4-in. line going up and to the right 
from the hopper vents the hopper to one of the bulk storage tanks. Slightly to the left of the mixer 
hopper is the top of the surge tank; the boxlike structure on top of the surge tank is a housing for a 

mirror so arranged that the interior of the tanks can be viewed from the operating platform without 
exposure to radiation. 

A view of the equipment used for blending the solids prior to an injection is shown in Fig. 6.10. 
In the foreground is a “bazooka” - a screw conveyer for charging solids to the blending tanks in 
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'NELLHEAO CELL FLOOR 

3 l b / f t .  J-55 U S I N G ;  

9 5/,, - in.- DlAM CENTRALi Z ER , 
COUPLING L A X H  

!2'/*-in.-DIAM HOLE, 109-ft LONG, 
M U 0  DRILLED 

9 S/e-in.-OlAM CENTRALIZER, 5 ft W O V E  
SHOE EZ-LOK LlMlT CLAMP, LATCHEO 

WIPER, 95t8-in. OIAM; TOP &NO BOTTOM 
CEMENTING PLUGS 

95/g-in. REGULAR SHOE 

Fig. 6.2 Injection Well Conriructiaa - S w f o t m  Caring. 
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Fig. 6.3. Inioction Wall Construction - Wall Camplotion. 
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Fig. 6.4. Sehrmatie flow Oiagmm of the Hydroulic fmcturing Plant. 

the background. The solids are blended by blowing them back and forth several  times between he 
two blending tanks. They are then pneumatically conveyed to a bulk storage bin such as the one 
behind the blending tanks. 

A view of the operating platform is shown in Fig, 6.11. On the far right k tbe remote control 
box for the injection pump. From h i s  station the operator can read the weihead and pump pres- 
sures from the gages on the instrument panel immediately in front of him. He can also observe the 
slurry in the surge tank through the minor just above the instrument panel, On the left of the in- 

strument panel are the controls for the waste pumps. At the far left of the picture i s  the station of 
an optrator who regulates the rate of dry solids feed to the mixer hopper. He observes the Ievel of 

dry sol ids  Li the hopper through the window in the cell wall and a corresponding window in the 
hopper and regulates a butterfly valve to keep the level constant. 

A view of the wellhead of the injection we l l  with the piping arranged for injection is shown in 
Fig. 6.12. The bottom fitting is the heed of the 95/,-in. surface casing. The next fitting above is 

the tubing head, which provides connections to the S15-h. casing, The flanged valve on the left 
connects to a pressurct gage, and the fianged valve on the right connects to the valve rack and to 



Fig. 6.5, Coli Enclosing Wellhead. 

either the injection pump or the waste pit. Above the tubing head is the adapter flange, which 
supports the tubing string. Above the adapter hange is the master valve, and above the master 
valve is the plug container, which hoJds a wiper plug for wiping surplus cement from the inside of 
the tubing string a t  the end of a run. The connection OR the plug container leads to the valve rack 
and the injection pump. Al l  piping shown is rated a t  10,000 psi, 

Figure 6.13 shows the principal f e a t u n s  of the hydraulic fracturing plant in their relative lo- 
cations. The emergency waste trench is a safety measwe against the unlikely possibility that, 
Iate in the course of a waste injection, the wellhead ruptures, allowing the injected grout to flow 
back up the well with no way of stopping the flow. Should such an event occur, the grout would 
flow from the wellhead C e l t  through an l&in. line to the 100,000-gal waste trench, where it would 
set and would not be a serious hazard. The blending tanks (just north of the bulk storage bins) are 
800-ft3 pressure tanks that a* used prior to an injection to biend the dry solids mix. 

Each injection consists of two phases - the preliminary preparations (which require about a 

week to complete) and the injection itself (which requites from 4 to 12 hr). The prehinary prepa- 
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Fig. 6.6. Viow of ha Hydraulic Prostwring Piant Showing Four Bulk Storago Bins, Wollheod Coil (Left 
Foreground), Main Injaetibn Pump, and Standby Pump Unit. 

rations include the transfer of w a s t e  solution to the site, the blending of the dry solids mix,  and 
the slotting of the injection well. 

The waste solution is pumped to the site through the existing waste transfer system and stored 
in the three underground waste storage tanks. The tanks are agitated and sampled. The sample is 
mixed with a n m o n t  mix of the same cornpasition that is intended for use in the injection and the 

setting time determined so that adjustments in the mix can be made if necessary. 
The dry solids mix is usually blended a week before the injection. A typical mix consists of 

cement, two types of clay, and a s m d  amount of retarder. Bulk cement is brought to the site in 
pneumatic transporter trucks; the other constituents of the solids mix are procured in bags. A 
batch of cement is charged to a blending tank, and the other components are added in propottion. 
The mix is then blown back and forth between the two blending tanks until mixing is complete. The 
mixed dry solids are then blown to a bulk storage bin, and another batch is mixed. This operation 
is continued until all the dry sol ids  required for the injection have been blended and stored. 

A day or two before an injection, the we11 casing is slotted at the depth of the proposed in- 
jection by a technique known to the service companies as “hydrajet” or “sandril.” In this tech- 



Fig. 6.7. High-Pressur. Inioction Pump, Diad Engine, and Gear Drive. 

nique a slurry of sand and water is pumped down a string of tubing hanging in the injection w e l l  
and out a jet a t  the bottom of the tubing string to impinge on the casing at that point. The erosive 
action of the sand cuts the casing and the surrounding shale formation to a sufficient depth to 
make subsequent initiatiop of the desired fracture relatively easy. The s p e n t  s luny is brought to 
the surface through the annulus between the tubing and the casing, the degraded sand is allowed 
to sett le in a waste pit, and the water is recitculated, so that the volume of contaminated water 
produced by the slotting operation can be kept to a minimum. The tubing string is slowly rotated by 
a hydraulic power swivel, so that a complete cut of the casing is made. This phase of the opera- 
tion requires about 30 min. At this time the j e t  at  the bottom of the tubing string is dislodged and 
brought to the surface by pumping water down the annulus between the tubing and the cash% The 
sand remaining in the wel l  is backwashed out. Several tubing sections are then removed to raise 
the bottom of the tubing string about 20 ft above the slot in the casing. This  is done so that the 
tubing w i l l  not be cemented to the bottom of the well by the plug of cement used to seal each in- 

jection. Water is then pumped into the injection well, and the pressure is allowed to increase until 
the formation fractures. The initiation of the fracture is indicated by a sudden and significant 
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.... .... 

Fig. 6.8. HigLPmssvn Inioction Pump Cylindwr and Volvo Contoimrr. 

drop in the injection pressure. In the experimental injections at the hydraulic fracturing site,  this 
drop has occurred at injection pressures as low as 1800 psi and as high as SO00 p s i  In all cases, 
however, the pressuro has teen well above the overburden pressure of the formation when the frac- 
ture occurred. This fact is of significance because of ttie current theory that fracturing pressures 
higher than the overbutden pressure indicate that horizontal fractures are being formed; fracturing 
pressures lower than the overburden pressure indicate that vertical fractures are being formed. 

The final preliminary preparation is to check the packing of the injection pumps and to replace 
it if necessary. The new packing is run in by pumping water through the system €or about 
This completes the preparations for the injection. 

A t  the start of a waste injection, all access hatches to the cells are closed, and the off-gas 

blower is turned on. This blower draws air from the mixer hopper, the surge tank, and the three 

cells and discharges it through a set of filters and up a short stack. Waste solution is then 

hr. 

2M. K. Hubbcrt a d  W. G. W i l l i s ,  “Wechanks of Hydraulic Fncturiag,.‘ Petrol. Trans. 210,153 
(1957)- 
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Fig. 6.9. Pnwmotlc Convmyors for transforring Problonded Solids from Bulk Storage Blns to tho Mixer 
Hoppor. 

pumped to the mixer and mixed with dry solids from the bulk storage bins. The  resulting slurry is 

pumped down the tubing hung in the injection well and out into the fracture. Injection of waste 
continues in this fashion until the end of the run. At the end of the run a cement-water grout is 

pumped down the wel l  and out into the formation to isolate the radioactive grout from the in- 

jection well. This 'cplugJ' is followed by a rubber wiper plug to wipe grout from the wall of the 
tubing string and by enough water to force the final grout level down to a few feet above the s lot  
in the casing. The well is then valved shu t  until the plug sets. 

CONTROL OF MIX PROPORTIONING 

Very early in the mix development program the feeling that the properties of a grout would be 
greatly affected by the proportion of solids to liquid used in the blending of the grout was con- 
firmedU3 It was found that variations of '4 lb of solids per gallon of waste could make the differ- 

* 



119 

Fig. 6.10. Equipment for Prworfieninp end Wending Dry Solids. 

ence between a good grout and a grout that was too thick to pump smoothly or a grout that was so 

thin that phase separation would occur when the grout set. This being the case, a fairly precise 
control of the proportioning of solids to liqnid was necessary throughout an injection. 

I 

The method  of control that was adopted is a modification of that in use by the oil-well service 
companies. This method is illustrated in Fig, 6.14, which shows the operations that are performed 
in the mixer cell. Waste solution is pumped &om the waste storage tanks througb the jet mixer 
under a pressure of 100 psi. The stream of waste solution passing through the jet mixer pulis the 
cement into the mixer bowl from the hopper above; the ma streams are thoroughly mixed in the 

outlet pipe and are discharged into the surge tank. A small hydraulic pump mounted in the surge 
tank continuously pumps grout f rom the surge tank through a Densometer and back to the surge tank. 
The Densometer is a Halliburton device that continuously measures the density of the fluid circu- 
lating through it. This measured grout density is assumed to be proportional to the amount of 



Pig. 6.11. Oporoting Pone1 Outsid. tit. Mixer Cell. 

solids in the grout (this assumption has been verified experimentally) and, throughout the in- 
jection, is kept as close a s  possible to the value that corresponds to the desired mix ratio. This 
is done by regulating a bypass stream around the je t  mixer to either increase or decrease the dilu- 

tion of the mixed grout. The rate of addition of solids to the jet mixer is kept constant by maintain- 
ing a constant level in the mixer hopper. This i s  done by manual operation of a butterfly valve ac- 
cording to visual obmwation of the dry solids level in the mixer hopper. 

The basic assumption involved in this method of control is that the grout density is proportional 
to the amount of solids in the grout. This assumption is correct enough; there is a proportionality. 
Unfortunately, however, the grout density is also dependent on the density of the solution used and 
the amount of air entrapped with the grout. Also, and more critically, a 10% change in the propor- 
tion of the solids in the grout is reflected as a 2% change in grout density. That is, the process 
must be controlled with a relatively insensitive indicator. 

Air entrapment in the grout is g ~ a t l y  reduced by the addition of a defoaming agent to the waste 
solution (see Chap. 5 ) .  When this defoaming agent is used, most of the air in the grout escapes 
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Fig. 6.12 Wellhead of tho injection Well. 

while the grout is in the surge tank A small amount d air rem8i(ls with  thC: grout, k t  this volume 

is constant tnougb to be corrected for by an adjustment to the proportionality curve. 

The problem resulting from the dependence of the $rout density on the waste solution density 
has not been satisfactorily solved. fn tho injections made to date, thio dependence has been cor- 
rected for by a careful measurement of the waste solution density prior to the injection, the deter- 
mination by a series of laboratory tes ts  of the variation of the grout density with the mix ratio for 
this particular waste solution, and the use of this information to select the grout density to be 
maintained during the injection. As long as the solution density does not change during an in- 
jection, this piocedure is adequate - bareiy. 

Figure 6.15 shows proportionality curves that were obtained for two different waste solutions - 
water and a concentrated waste. The inbetent difficulty of the control problem can be seen by an 
examination of this curve. If the dilute waste solution is to be injected at a mix ratio of 8 lb of 
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Fig. 6.13. Layout of the Hydraulic Fracturing Plont. 

dry solids per gallon of waste, the desired grout density is 12.65 Ib/gal (assuming that the curve 
is entirely accurate). Operating experience has shown that control of the grout density to within 
k0.2 lb/gal is extremely good; this is equivalent to a m i x  ratio of between 7.5 and 8.6 lb of dry 
solids per gallon of waste. This is the best that can be hoped for; a variation in solution density, 
a change in the amount of entrapped air, inaccuracies in the determination of the curve, less than 
perfect control - all  these will tend to increase the error. 

Despite all  these drawbacks, this method of mix control was used for the first series of ex- 
perimental injections. Development of an alternate method of control would have required con- 
siderable time, and it was thought mom important to proceed with the first injections as rapidly as 

possible. 
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7 ,  Experimental Injections, 1 Through 5 

The first series of f ive experimental injections were made to check on the performance of 
the surface plant and to determine the underground behavior of the slurries of different com- 

positions. It was anticipated that as the experimental injections were made, plant performance 
would be evaluated and changes incorporated wherever necessary. Following these injections, 
coring operations were planned to provide information on the dispersion of the grout underground 
a s  wel l  as on the properties of the grouts. 

Prior to startup of this ser ies  of field tests, the objectives of the first f ive injections were  
defined. These objectives are described here to provide a b e t t a  understanding of the injections 
individually described later. 

The first injection w a s  made to  check the operation of the surface plant and to evaluate a 
nonsetting mix. The nonsetting mix was prepared with ZOX waste and attapulgite, and i ts  con- 
sistency was similar to the sett ing m i x e s  used later. 

The objectives of the second injection were to  evaluate a mix with Iow cement content and 
to determine whether the grout sheet  could be detected a t  the cased observation well. Short- 
life 98Au w a s  used as a tracer, its 2.70-day half-life allowing detectian a t  the observation 
wel l  without presenting a serious hazard if leaks or contamination problems developed in the 

surface plant. Since coring was not planned until after completion of the first five injections, 
no radiation hazard was anticipated even if the low-cement grout failed to set. 

The third injection was made to demonstrate that concentrated radioactive waste solutions 
simitar to those anticipated from the ORNL waste evaporator (1OX) could be fixed permanently 
underground. The mix for this injection w a s  designed, to set into a strong, dense grout which 
would withstand core drilling operations and thus be recovered. 

The objective of the fourth injection was to  evaluate a mix designed for dilute waste solu- 
tions (1X) with grout strength of intermediate value. In both injections 3 and 4, the source of 
radioactivity was actual ORNL waste containing ' 'CS primarily. 

The fiftb and last  in this series of injections w a s  made to test  the surface plant during an 
extended (11-hr) disposal operation and to determine the underground behavior of a large 
(> 100,000-gal) injection. Earher injections were l imi ted  to volumes of approximately 35,000 
gal, which required only 3 hr of pumping. The m i x  for this injection included illite, sometimes 
referred to by its commercial name of Grundite, cement, attapulgite, and DGL. The last three 
materials were also used in injections 2, 3, and 4. 
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Following the fifth injection, core drilling was carried out to detennine the dispersion 

patterns of the grout and to recover cores for evaluating the mixes used in the injections. 

WASTE COMPOSlTtON, MIX FORMWUTfON, AND SLURRY PROPERTIES 

Wash Compositions 

Waste solutions used in the first ser ies  of five experimental injections differed considerably 
in chemical composition and radionuclide concentration. The gmss chemical composition and 
radionuclide content of the five waste solutions are summarized in Table 7.1. Only synthetic 
waste solutions were used in injections 1 and 2; 30 curies  of 9 8 A ~  was added as a tracer in 
the second injection. In injection 1, Pontacyl Brilliant Pink dye was added to the injection 
solution, and Rhodamine B dye was used in injection 2 to serve as distinctive markers of these 
grout shee ts  on recovery of cores during subsequent test drilling. 

The chemica l  composition of the waste  solution for injection 3 was slightly different from 
that for injections t end 2 because 7500 gel of actual ORlyL waste was mixed with 15,800 gal 
of 1W synthetic w a s t e  and 13,000 gel of 1OX synthetic waste. n e  ORNL waste  was lower 
in chemical content than the anticipated 1X waste. In tbe fourth injection, the actual ORNL 
waste was even lower in concentration then the values shown in Table 7.1 because about 

Table 7.1. Chomical and Radionuclide Composition of Waste Solutiens used in Inieeiions 1 Through 5 

hjsct ion 5’’ Injsctimacl Injection Injection 
1 m d 2  3 4 ##AD# rrg.. WC’. 

Chemic81 Composition (hfl 

Sodium hydroxide 2.0 1.9 0.13 0.04 0.12 0.04 
Sodium nitrate 2.9 2.7 0.21 0.06 0.30 0.07 
Ammonium sulfate 0.20 0.19 0.01 0.005 0.01 0.01 
Aluminum sulfate 0.20 0.19 0.02 0.003 0.02 0.005 

Sodium carboaate 0.20 0.19 0.02 0.02 0.06 0.02 

Radionuclide Content (curies) 
l g a A u  30 
’‘5, 4.9 0.9 380 210 18 
3 7Ca 74 50 125 15 3 
O*Ru 0.4 1.2 30 3 2 
6 O C O  0.1 0.1 1 2 1 
4 4 ~ c  285 3550 264 

“In injection 5 the waste storage tanks were Otighmlly filled (40,000 gal) with ORNL waste spiked with 

144cc and later refilled with synthetic waste after the original wnste was disposed of. “A** RfN8 t o  the 
original ORNL waste, “B” to the first synthetic waste refill, and “C” to the second synthetic waste refill. 
Activities in ‘*B** and “C** were present in the tnnks originally und had acttled to the bottom; whm the 
Wok5 were refilled, &e agitation resuspended cbc solids and thus caused “B** and “C*’ synthetic wastes 
to bt radioactive. 

*30 curies of lg8Au was used only in injectiw 2. 
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2000 gal of waste from injection 3 was left in the tank. The total radionuclide concentration 
in injection 4 was lower than that in injection 3 even though no synthetic waste solution was 
used. This was not totally unexpected s ince  actual ORNL waste changes from time to time, 

depending on Laboratory operations. 
The operating tank capacity a t  the sha le  fracturing plant was only 40,000 gal. Therefore, to 

provide the volume required for injection 5, the emergency waste trench was used to store the 
additional volume of synthetic 1X waste needed to make up the entire batch. The difference in 
chemical composition between “€3” and “6” (Table 7.1) was judged to be due to incomplete 
mixing af the waste in the trench. In addition to actual ORNL waste, approximately 4000 curies 
of 1 4 4 C e  was added to  enable identification of the grout when cored. The high concentration of 
‘44Ce in “B” was not expected; earlier sampling of the tanks had shown very tittle l4“e. 
Since the 144Ce had been added to the waste a t  the ORNL tank farm, it was  first believed that 
this radionuclide had hydrolyzed, settled, and remained in  the tank at the tank farm. Its appear- 
ance in “B” can snly be explained by its transfer to the tanks at the shale  fracturing plant fol- 
lowed by rapid settling. When synthetic waste was then pumped into the tanks after the original 
ORNL waste had been disposed of, the settled solids m u s t  have been resuspended. 

Mix for Injwtion 1 

This mix was developed for the prime purpose of pressure testing the assembled field 
equipment with a slurry of relatively high viscosity. The long-term behavior of the slurry is 
not known; i f  slow chemical interactions of the components p d u c e  an immobile solid, this 
type of cheap shury may be of value for later applications. The slurry had the following 
composition and properties: 

Composition 

Viscosity 9 poises 

Water aeparatioa Approximately 0.4% 

Fluid loss 

0.67 Lb Attapulgus 150 per gallon of waste 

lOO-psi test 104 cc/30 a h  

1OOO-psi test 166 cc/30 min 

Runping time Indefinite 

bfateripl cost 1.1 #/gal 

This sluny had approximately the same viscosity as the cement slurries used in subsequent 
injections. 

Mix for Iniwtion 2 

This mix w a s  developed as a low-cost sett ing mix that could be used with concentrated 
waste solutions. A cement concentration higher than necessary was used to increase the 
chance of recovering an intact core on subsequent drilling. This slurry had the following 

composition and properties: 
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Composition 

Density 

VolFUae 

10X concentrated sytithttic waste with 250 ppm Tl3p 

5 tbportland cement (type II) par gnllon of waste 
0.5 lb Attapdgus 150 pet gallon of waste 
0!015 lb DGL per gsllon of waste 

13.5 Wpl 

1.21 pl per gallon of waste 

Vise os ity 3 poises 

Watez stprrrtion 

Fluid loss 

0.1% prior to settine 0.0% aftt i  setting 

100.pai test 158 cc/30 min 
1000-psi test 302 c d 3 0  m i n  

Pumping time 

Comprrssivt strtngtb 

Material cost 7.0 $/or1 

11.3 hr at 899 

235 psi  after 28 days and 6S°F cawing 

The use of type II cement was considered desirable after tests with grouts made from type I 
cement revealed that deterioration s e t  in a€te 28 days of setting. Type XI cement is resistant 
to deterioration by the action of sulfates, which arc present in ORNL's waste solutions. Sulfate 

action was also suspected as the cause of the duction of compressive strmgth with time, which 
OCNW with type I cement. 

a 
Mix for Iniection 3 

This mix was developed to provide a slurry for simulated 1OX waste which, on setting, 
would have a high compressive strength. This siuny had the following composition and 
properties: 

C ompoil itioa 9.4X concentrated synthetic waste with 400 ppm TBP; 
20% of total volume was ORNL waste 

14 lb type II cemeat per gallon of waste 
0.28 Ib Attapulgns 150 per gallon of w8ste 
0.021 1b D& par &lOtl Of W.6tC 

Density 15.8 lb/ gal 

Volume 

VLcoaity 10 poiser 

Water separation 

Fluid lossa 

1.5 gl per gdbm of waste 

0 bdfon and after setting 

1000-pai test 122 cc/30 min 
100-psi test 30 cc/30 m i a  

Pumping time 9 h r 4 5 m i n  

Compressive strength 

Materials coat ,-.15.5 c/oal 
2700 psi  after 28 days at 65- 

'Tests performed on slurry containing 0.028 fb DGL. 



A sample of this slurry obtained from the fracturing plant during the injection indicated a 

pumping time of 6 hr and 15 min. The lower pumping time may have been due to an  uneven dis- 
tribution of retarder in the cement. 

M i x  for Injection 4 

In injection 4, the waste solution used w a s  essentially ORNL 1X intermediate-level 
waste. The reduced concentration of dissolved salts in this waste required a different mix 

formulation. In addition, a 1000-psi compressive strength w a s  desired. This slurry had the 

following composition and properties: 

C omposition 

Denaity 

Volume 

Viscosity 

0- Z L W  with 400 ppm TBP 
10 lb type II cement per gallon of waste 
0.46 Ib Attapulgus 150 per gallon of waste 
0.01 Ib DGL per gallon of waste 

13.5 Ib/gaI 

1.40 gal per gallon of waste 

8 poises 

Water separation 

Fluid 1068 

Pumping time 

Compressive strength 

Materials coat 

0 cc before and after setting 

278 cc/30 min using 100-psi test 

6 hr 40 m i n  at 89'F 

770 p s i  after 8 days at 8 0 9  

11.3 $ per gallon of waste 

A tes t  of this mix with a waste sample taken from the storage tanks at the plant s i te  indi- 
cated a pumping time of 9 hr 50 min. The longer pumping time in this case was attributed to 
a lower caustic content in the actual waste than in the synthetic waste. 

Mix for Injection 5 

Since this injection w a s  planned to Zest the performance of the plant over an extended 
period of continuous pumping, the mix  w a s  designed to be pumpable for over 18 hr. In 
addition to the three basic ingredients (cement, Attapulgus 150, and DGL), illite was added 
to improve cesium retention in the grout. Tests had shown that 13'Cs, the major source 
of activity in ORNL waste, leached from grouts prepared with only the three basic ingredients. 
This slurry had the following composition and properties: 

Composition 

Density 

Volume 

35% O W L  I L W  and 65% 1X synthetic waste with 400 ppm TBP 
6.5 Ib type II cement per gallon of waste 
0.65 lb Attapulgus 150 per gallon of waste 
0.45 lb Crundite per gallon of waste 
0.02 Ib DGL per gallon of waste 

12.4 lb/@ 

1.33 gal per gallon of waste 
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Viscosity 5 poises 

Water sep~tatiw 0 before and after setting 

Fluid loss 230 C C / 3 0  !&i U 8 h g  10&pSl test 

Pumping t h e  at 89OF 

Compnasive strength 

Materials coat 

19 hz 30 min 

370 psi after 7 days at SO0F 

9.1 ct per gallon of waste 

Figure 7.1 is a plot of the waste and slurry densities of mixes used in injections 2 through 
5. Note that injections 2 and 3 were made with 1OX waste and injections 4 and 5 with 1X waste. 
Tbe information shown in this figure is necessary for solid/liquid proportioning control. Since 
the Densometer control system operates on the basis of the weight of the sIuny, the operator 
needs  to know the density of the waste and of the slurry for each injection. Ideally, the differ- 
ence in density between the waste and the slurry should be large; with small differences, the 
errors in h o m e t e r  control w i l l  result in large errors in proportioning. Later injections used 
a mass fiowmeter to complement the Densometer for proportioning; this was necessitated by the 
desire for economical low-solids blends which involve relatively smal l  differences in densities. 
This mass flowmeter is described in Chap. 8. 

8.5 9.0 9.5 M.0 40.5 1i.o ! I 3  
DEPJSlfY OF WpsfE SOLUTION (Ib/gal) 

Fig. 7.1. Slwry Densitirs of Mixer U d  in Inirctions 2 to 5. 
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INJECTION 1 

Preliminary P n p o  rati ons 

No solids mixing was required for this run, s ince  attapulgite drilling clay was the  only solid 

to be added. The charge of 23,400 Ib of Attapulgus 1.50 was put into one of the bulk storage bins 
prior to the injection. The  synthetic waste solution in the storage tanks (40,500 gal) was evenly 
distributed among the three tanks by pumping from one tank into another. A dye (Pontacyl Bril- 
liant Pink) was added to the waste in each tank. 

The  well was slotted a t  a depth of 945 ft on February 11, 1964, by circulating a slurry of 
sand and water through the jet tool for approximately 40 min a t  a n  average pressure of about 

5200 psi. The tool had two jets, each '/t 
of 10-30 round sand. 

in. in diameter. The sand consumption was 37 sacks  

After slotting was judged to be  complete, the jet tool was pumped to the surface and held in 

the je t  catcher. The well was backwashed to clear the sand from the well. The swivel'and 
slick joint (equipment necessary for slotting) were =moved from the  wellhead assembly, several 
joints of tubing were removed to bring the bottom of the tubing string approximately 20 f t  above 
the level of the slot ,  and the master valve and plug container were installed on the wellhead. 

Pressure was applied to the well and increased until the formation fractured at 2150 psi. 
Flow was then increased to extend the fracture; a total of 3000 gal of water was pumped into 
the fracture a t  this time. 

Injection 

The injection was started a t  3:30 PM, February 13, 1964. Almost immediately after the start 
of the injection, a temporary patch on a n  unused air  slide broke loose and discharged attapulgite 
on the roof of the mixer cell. The injection was halted while the patch was repaired and was 
then resumed. About 20 min after the injection was resumed, the waste  pump stopped. The 
other waste pump was started but stopped almost at once. Both pumps were  then started to- 

gether and ran well during the rest of the injection. With the exception of the two incidents 
mentioned above, the injection was uneventful. The injection was terminated a t  6:OO PM, when 
the supply of attapulgite was exhausted. 

Plots of the injection pressure and the volume injected are shown in Figs. 7.2 and 7.3, A 
total of 37,300 gal of waste was mixed with 23,400 lb of attapulgite and injected at a n  average 
rate of 250 gpm. The average mix proportion of 0.63 lb of clay per gallon of waste was accept- 
ably close to the desired proportion of 0.67 Ib/gal. 



PUMPING TIME (mtn) 

Fig. 7 .2  Pumping Pmrsums fw Iniactianr 1, 3, 4, a d  5. hbasurod on stagnant annulus of inioction w d l .  

TIME (rninl 

Fig. 7.3. Cumutativo Volumo Pumpod, fnjrctian 1. 
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INJECTION 2 

Prdiminary Preparations 

Four P-tankloads of solids were  mixed. Each load consisted af 48,000 Ib of cement from a 

bulk truck, 48 sacks of attapulgite, and 216 Ib of retarder (DGL). A mixture of 100 sacks of 
cement and 10 sacks  of attapulgite was blended and stored separately. 

The waste storage tanks were =filled with synthetic 1OX waste solution. A dye (Rhodamine 
B) and approximately 10 curies of 98Au were added to the waste  in each tank. The solution in 

each tank was mixed by air sparging. 
The well was slotted a t  a depth of 924 ft on February 19, 1964, by circulating a slurry of 

sand and water through the jet tool for approximately 1 hr at  an average pressure of 3800 psi. 

A new jet tool was used for this job; the tool had four jets 34 
jets of the tool used previously. A total of 37 sacks of 10-30 round sand was used. 

in. in diameter instead of the two 

During the slotting operation the waste pumps would not deliver the necessary fluid volume 
and pressure. Since the sand could not be kept in suspension a t  the reduced output of the waste 
pumps, there was some danger of “sanding out” the well (plugging the bottom of the wel l  with 
compacted sand). It w a s  accordingly necessary to use the standby pumps to pump water from 
the water storage tank to the slurry tub, to obtain the necessary flow of water. The waste pumps 
were retested after the slotting had been completed and were found to be functioning normally. 

Pressure was applied to the well and increased until the formation fractured a t  3800 psi. Flow 
was then increased to extend the fracture; a total of about 2400 gal of water was pumped into the 
fracture at this time. 

Iniection 

The injection was started the afternoon of February 20,. 1964. It  quickly became apparent that 
the waste pumps were not delivering the necessary volume of waste solution, and i t  was not 

possible to mix the solids being fed to the mixer with sufficient waste to obtain the desired 
slurry density. The pumps were flushed with water in an attempt to clear them, but this failed 
to improve their performance. After 45 min of unsatisfactory operation, the injection w a s  termi- 

nated by overflushing the s lot  in the casing with 500 gal of water. Approximately 1000 gal of 
waste solution, 3600 gal of water, and 32,600 lb of solids mix were  consumed. 

A check of the waste pumps revealed that the intake lines of these pumps w e r e  plugged, 
most likely a t  their common strainer. The strainer was =moved and found to be plugged by an 
accumulation of small particles. It was replaced by one with a much coarser screen. 

The injection was  restarted a t  10:25 AM, February 21, 1964. A l l  major components operated 
satisfactorily, and the injection continued until the supply of solids was exhausted a t  12:23 PM. 
Approximately 27,300 gal of waste was pumped a t  an average rate of 227 gpm. The average 
cement content of the slurry was 5.87 lb/gal. 



133 

A plot of the volume of waste pumped as  indicated from the level readings of the waste tanlrs 
is shown in Fig. 7.4. Figure 7.5 is a plot of the injection pressures. 

Readings of the intensity of the direct radiation were taken during the run at several points. 
Airborne contamination in the air withdrawn from the hopper and slurry tub was also measured, 
and no activity was found. In the valve pit and immediately adjacent to &e waste pumps the 

ORNL-DWG 67-9096 
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Fig. 7.4. Cumulotivo Volumo Pumpod, Injrcffon 2. 
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Fig. 7.5. Pumping Pressures, Injection 2. Mwasured on ourlet of injection pump. 
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reading was 2 mr/hr. At  the s luny sampler station, no reading above background was obtained. 
A t  the solids observation window on the operating platform the reading was 2% mr/hr. 

At  11:M AM, when approximately 8000 gal of waste had been pumped, the waste activity was 
detected in the cased observation well a t  a depth of 904 ft. After the initial appearance of the 
waste, it  apparently channeled upward 30 or 40 ft alongside the well through the weak cement 
that had been used to cement the bottom 300 f t  of the observation well. 

This injection was planned to be run with a cement to liquid waste ratio of 5.5 lb/gal (slurry 
density, 13.5 lb/gal). In the course of the injection, it was found that this soIids concentration 
w a s  too low for the Densometer control system to operate effectively; manual control of the solids 
concentration was used throughout the run, with a consequent unevenness of the slurry density. 
This is shown in Fig. 7.6, which is a plot of the recorded slurry density. The average cement 

to liquid waste ratio maintained throughout the run was 5.87 lb/gal. 
The injection w a s  halted when the supply of blended solids w a s  exhausted. The cement that 

had been stored separately was then mixed with water and injected. This was done to decontami- 

nate the plant equipment prior to the washup operations. The plug of 20 bags of cement was then 
pumped down the well by the standby pump. 

HALT FOR TIGHTENING 
45 WMP PACKING /MIX SUPPLY - 

3 14 
3 1 

EXHAUSTED 

END RUN 
WITH 

100 SACKS 
CEMENT 

AND 
WATER 

0 20 40 60 80 100 (20 i40 160 480 200 
TIME ( m i d  

Fig. 7.6. Rocord of SoLldr-Liquid Mixing, Injection 2. 



INJECTION 3 

Preliminary Preparotiens 

... 

During the  period between injection 2 and injection 3, a number of modifications were  made 

to various parts of the fracturing plant. These  modifications included the following items: 
1. A power swivel w a s  procured to  eliminate the hazardous; job of rotating the tubing string by 

hand during slotting. The swivel is powered by hydraulic oil from the Densometer pump. 
2. A Sutorbilt rotary positive blower (type 6LXB) w a s  installed to  supply air to the air slides. 

This blower has  a capacity of over 400 cfm at 3 psi ptessure and thus eliminated the air 
supply difficulties experienced during the first two injections. 

3. The inside of the celb was painted with white paint, more lights were installed, and glare 
shields were erected to make vision into the cells easier. 

4. A Gadco dampener was installed on the injection pump discharge l ine to reduce pressure 
pulsations. 

5. The concrete waste  pit was cleaned of its accumulation of sand and grout. The discharge 
line from the  valve rack was extended so that it would be as far as poarsible from the waste 
pump suction intake. 

Tweive laads of solids were mixed. A total of 518,000 Ib of cemmt, 10,300 lb  of attapulgite, 
and 772 Ib of retarder was blended over a four-day period and stored in the four bulk storage 
tanks. Bulk storage bins 1, 2, and 3 each cMltained about 135,000 lb of cement (and other ma- 

terials in proportion); bulk storage bin 4 contained about 110,000 Ib of cement. 
Appruximately 13,000 gal of synthetic 1OX waste solution remained in the waste  storage 

tanks after injection 2. This waste w a s  mixed with 7500 gal of actual ORNL waste  and about 
15,800 gal of synthetic concentrated (1OX) waste solution to produce 36,300 gal of solution. 

The activity of the solution averaged 0.0024 curie/gal. 
The well was slotted at a depth of 912 ft on April 6 ,  1964, by circulating a slurry of sand 

and water through the jet tool for approximately 25 min a t  an average wellhead pressure of 
3300 psi. A slotting jet with three t - in .  nozzles was used instead of the jet with four '4 ,-in. 
nozzles used previously. 

After slotting had been completed and the wel l  had been backwashed, the formation w a s  
fractured. Breakdown pressure was approximately 2400 psi  (wellhead measurement). A total 
of 1020 gal of water was injected a t  this t i m e  to establish that the formation had fractured 
sufficiently and to reduce the volume of water in the waste pit so that subsequent washup op- 
erations would not overfill the pit. 

Injection 

The  injection was started at 11:40 AM, April 8, 1964. TWO equipment malfunctions occurred 
during this run - the mixing jet was partially plugged, and the packing of the injection pump over- 
heated. Neither malfunction was serious enough to require that the injection be terminated. The 
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injection was continued until the! supply of solids was exhausted at 3:14 PM. A total of 33,500 
gal of waste solution was injected a t  an average rate of 195 gpm. 

A plot of the volume of waste pumped during the injection is shown in Fig. 7.7. These vol- 
umes were obtained from the level readings of the waste tanks. 

As each bulk storage bin was emptied of cement, the volume of waste that had been pumped 
to that t i m e  was determined from level readings of the waste tanks. These  figures were used €or 
a spot check of the accuracy with which the Densometer system was controlling the  proportion- 
ing of solids and liquid. These checks indicated that the Densometer control was working well. 

A plot of the Rcorded slurry density is shown in Fig. 7.8. 
Readings of the intensity of the direct radiation were taken during t h e  run at several  points. 

In the valve pit and immediately adjacent to the waste pumps, the reading was 20 to 40 mr/hr. 
At  the slurry sampler station, the reading was 20 mr/hr. At the solids observation window on 
the operating platform, the wading was 1 mr/hr; the same  reading was obtained at the other 
observation windows. Airborne contamination in the air  withdrawn from the hopper and slurxy 
tub was also measured, and no activity was found. No activity was detected on the hopper off- 
gas filter at the end of the run. 

At 1:40 PM the operation of the mixer jet became erratic, the trouble being diagnosed as a 

partially plugged jet. The material that plugged the jet  presumably came from waste tank T-1, 
which had just  been valved on stream. Over a period of time, the je t  was cleared by varying 
the operating conditions of the jet, thereby working the  plug through the jet; it was not neces- 
sary to s top the injection. 

ORNL-DWG 677-9087 
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Pig. 1.7. Cumulative Volume Pumpod, Inioetion 3. 
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Fip. 7.8. Yoriotions in slurry Density, Injectton 3. 

A t  2 2 5  PM the packing on the HT-400 injection pump was found to be overheating and 
smoking. An investigation revealed that the  supply of oil used to lubricate the packing w a s  
exhausted. The oil supply was refilled, and the run was continued at a reduced rate. No 

evidence of improper pump operation was noted during the remainder of the run. 
At 2:40 E?M the volume of was te  remaining in the waste storage tanks was IO00 gal in each 

tank; 33,500 gal had been pumped. At this t i m e  the injection was stopped temporarily, and the 

valving was  switched so that water instead of waste solution was fed to the mixer - the purpose 
being to consume the remaining solids in the bulk storage bins and to partially decontaminate 
the equipment by pumping nonradioactive grout through it. Since a liquid with a different spe- 
cific gravity was being used, a change in the Densometer setting was necessary. From a 

Densometer setting of 15.7 lb/gal, the se t t ing  was changed to 13.4 Ib/gal instead of to the 

set t ing of 14.7 lb/gal that should have been used. As d result, during the last part of the run, 

a mix was injected that had a much lower concentration of cement than planned - 11.2 lb/gal 
instead of 14. A slurry volume of 10,000 gal was injected durirlg this period. Subsequent 
laboratory tests indicated that a phase separation of 12% is probable with this mix. This 
suggested that free water might  be found when this grout sheet was cored. 

The injection ended a t  3:14 PM, after a total of 65,000 gal of slurry had been injected. 
A plot of the injection pressure is shown in Fig. 7.2. 

No indication of the grout sheet was detected in the observation well on the day of the 
injection or on the following day. On April 13, however, a weak indication was found at a 
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depth of about 890 ft. Since the grout had almost certainly set by this time, this indication 
was probably caused by migration ,of water containing a small amount of activity. 

Calculation of the ratio of solids to  liquid of the m i x  that was injected during the run in-  
dicated that neither the Densometer readings nor the spot checks of the weight of cement con- 
sumed were a good indication of the actual ratio. The Densometer i s  subject to various in- 
herent errors (such a s  air entrapped with the slurry), and the bins were seldom fully empty 
when the flow was switched. This being the case,  the best available indication was a cor- 

rection to the Densometer reading. The correction was based on the assumption that the 
Densometer error w a s  constant. The calculation indicates that before the mixer je t  plugged, 
the mix ratio w a s  13.3 Ib of cement per gallon; from the time the mixer j e t  plugged until the 
end of the waste injection, the mix ratio averaged 12.95 Ib/gal; during the water washup, the 
mix ratio averaged 11.2 lb/gal. 

INJECTION 4 

P r d  imi nary Proparat ions 

During the week between injection 3 and injection 4, several modifications were made to 
various parts of the fracturing plant. These modifications included the following items: (1) 
A new jet  mixer was installed, one with two additional jet nozzles that could be rotated into 
position as needed, thus reducing the seriousness of the problem if a jet should become 
plugged. (2) Vibrators were installed on the bulk storage tanks so that they could be more 

completely emptied. 
Eight loads of solids were mixed. A total of 381,000 lb  of cement, 17,000 lb of attapulgite, 

and 381 Ib of retarder was blended over a three-day period and stored in the four bulk storage 
bins. Bulk storage bin 1 contained about 94,000 lb of cement, bin 3 contained about 61,000 lb, 
and bin 4 contained about 90,000 lb. 

Approximately 39,000 gal of actual intermediate-level waste solution was transferred to the 
site and mixed with the solution remaining in the waste storage tanks. Samples were taken of 
the waste solution in each tank. The activity of the solution averaged 1.3 x curie/gal. 

An attempt was then made to s lot  the casing at a depth of 900 ft. An excessive vibration 
of the tubing string developed, however, and the attempted slotting w a s  stopped. Investigation 
showed that the injection pump w a s  drawing air past the packing, thereby causing the vibration. 
The slotting operation was therefore postponed, pending repacking of the pump. The pump was 
partially disassembled for repacking on April 14. It w a s  found at this time that misalignment 
and overheating had caused considerable damage to pistons, packing, seals, and other parts 
of the pump and that fairly extensive repairs would bo necessary. The necessary replacement 
pa r t s  were ordered and arrived on April 17. At this t i m e  the pump was reassembled and tested. 

The well was slotted a t  a depth of 900 ft by circulating a slurry of sand  and water fox approx- 
imately 25 min a t  a wellhead pressure of 2900 psi. Forty sacks of 20-40 mesh sand were  used. 
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After slotting had been completed and the well  had been backwashed, the formation was  
fractured. Breakdown pressure was approximately 3800 psi (wellhead measurement). A total 
of 2670 gal of water was  injected a t  this time to establish that the formation had fractured 
sufficiently and to reduce the volume of water in the waste pit so that subsequent washup up- 
stations would not overfill the pit, 

lniection 

The injection was started a t  8:16 PM, April 17, 1964. A l l  major components operated sat- 
isfactorily, and the injection continued until the supply of solids was exhausted at 11:15 PM. 
Approximately 36,000 gal of waste was pumped a t  an average rate of 222 ern. A plot of the 
volume of waste  pumped during the injection is shown in Fig. 7.9. Both the volume indicated 
by the level readings of the waste tanks and the volume indicated by the e l l o n  counter of the 

injection pump are shown. 
As each bulk storage tank was emptied of cement, the volume of waste #at had been 

pumped to that t ime  was determined by level readings of the waste  tanks. These figures were 
then compared to check the accuracy with which the Densometer system was  controlling the 

proportioning of solids and liquid. These checks indicated that the Densometer control was 
working well. A plot of the recorded slurry density is shown in Fig. 7.10. 

Density determinations made on samples of slurry taken a t  the fracturing plant early in the 
f ~ u l  indicated that  the Densometer was indicating a greaterdtnsity than was actually the case. 

Control was then switched to Densometer 2, which indicated a much lower slurry density. When 

control was thus switched to Densometer 2, a careful check of the valving was not made. As a 

result, a drain line was left open and some grout was pumped to the concrete waste pit before 

- 
0 
0 
Y 

Fig. 7.9. Curnulativo Volume Pumprd, Injection 4. 
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Fig. 7.10. Slurry Density, Injection 4. 

the situation was discovered. The volume of grout thus lost probably did not’exceed 300 gal. 
The mix density was controlled by Densometer 2 foe the remainder of the injection. 

A t  9:05 PM, after approximately 15,000 gal of slurry had been injected, activity was de- 
tected in the observation well. The activity was found to be spread over about 30 ft of the 
well, with peaks of activity a t  depths approximately 10 ft apart, 

A t  11:OO PM, after approximately 36,000 gal of waste had been injected, the valves were 

switched to feed the plant from the waste pit. Approximately SO0 gal of water was pumped from 
the pit, mixed with cement, and injected. This was done to reduce the liquid,volume in the 
waste pit and thereby allow more freedom in subsequent washup operations. The valves were 
switched again to feed the plant from the water tank, and the injection was continued until the 
supply of solids was exhausted, at 11:16 PM. A plot of the injection pressure is shown in 

Fig. 7.2. 
As was the case in injection 3, neither the Densometer readings nor the spot checks of the 

weight of clay and cement consumed were a good indication of the actual ratio of solids to 
liquid of the mix that was injected. The Densometer readings were erratic during the eariy 
part of injection 4. Because the vibrators helped to get each bulk storage bin more nearly 
empty, the spot checks w e r e  more reliable in injection 4. 

The best available indication of the m i x  ratio that was  injected is a corrected Densometer 
reading. Such a correction indicates that for the first 45 min of operation, the mix ratio was 
9.42 lb of cement per gallon of waste; for the next hour, the ratio was 9.5; and €or the final 
1% hr, the ratio w a s  9.6. 
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INJECTION 5 

Prr I i m i na ry P repo ra ti ons 

to 

1, 

2. 
3. 
4. 

During the period between injection 4 and injection 5 ,  a number of modifications were made 
the fracturing plant. These  modifications included the following items: 

The splash shield on the injection pump was extended and connected to the walls of the 
cell ,  thereby enclosing the parts of the pump that are  regularly in contact with radioactive 
solution. 
The solids sampler was replaced by an improved model. 
A larger filter holder and a larger blower were installed to handle the hopper off-gas. 
The v ib ra tos  on the bulk storage tanks were reconnected to a high-pressure air  supply. 

Fourteen loads of solids were mixed prior to the injection. A total of 725,000 Ib of cement, 
72,300 lb of attapulgite, 50,700 I& of Gnmdite, and 2170 lb of retarder was blended over a five- 
day period and stored in the four bulk storage tanks and the  two blending tanks. Bulk storage 
bin 1 contained 157,000 lb  of cement, bin 2 contained 157,000 lb, bin 3 contained 158,000 lb, 
bin 4 contained 159,OOO Ib, and the blending tanks each contained 46,000 Ib. 

Approximately 37,000 gal of ORNL's intermediate-level waste solution was transferred to 
the site and mixed with the solution remaining in the waste storage tanks. One tankful of this 
waste was thought to contain a significant quantity of 144Ce, but an analysis of the solution in 
the tank showed a spec i fk  activity of only 0.026 cnrie/gal. (Subsequent events led to the con- 

clusion that the 144Ce had probably precipitated and settled in the tank and hence was not 

picked up in the sample.) The solution activity in the other two waste stolage taaks averaged 
0.003 curie/gal. 

100,000 gal of synthetic waste solution. 
The emergency waste trench was lined with plast ic  sheet  and filled with approximately 

A check of the injection well showed that the plug of the previous injection had been over- 
displaced and that the fracture used in this injection was still open. A new plug was  mixed and 
pumped down the well to seal this fracture. The  well was slotted a t  a depth of 890 Et by circu- 

lating a slurry of sand and water for 35 min a t  a wellhead pressure of between SOW3 and 3700 
psi. Forty sacks  of 10-20 mesh sand were used. 

After slotting had been completed and the  well had k n  backwashed, the formation w a s  
fractured. Breakdown pressure was approximately 3800 psi (wellhead measurement). A total 
of 1700 gal of water was injected at this time to establish that the formation had fractured suf- 
ficiently. 

injection 

For the pIanned injection approximately 1,000,000 lb of solids and 155,000 gal of waste 
solution were required. Since neither the waste storage tanks nor the bulk storage bins had 
sufficient capacity to store this quantity of materials, special procedures were  used to fill the 



tanks and bins during the injection. The emergency waste trench was filled with synthetic 
waste solution, and the standby pump truck was used to 'pump the synthetic waste from the 
trench to the waste storage tanks. In addition, plant waste was pumped through the transfer 
line to the waste tanks during m o s t  of the run; approximately 12,000 gal was transferred in 
this manner. 

About 850,000 lb of mixed dry sol ids  were blended and stored in the storage bins prior to 
the injection. The remaining 160,000 Ib that were required were mixed while the injection was 
in progress. As soon a s  the first bulk storage bin was emptied, the solids stored in the blend- 
ing tanks were  transferred to the empty bin. Seven truckloads of cement (315,000 lb) and the 

necessary amounts of attapulgite, Grundite, and retarder were then blended and transferred to  
the bulk storage bins while the injection was proceeding. A total of 137,000 lb of cement was 

charged to bin 1, 135,000 lb  to bin 2, 90,000 Ib to bin 3, and 45,000 Ib to bin 1 a second t i m e  
during the injection. 

In previous injections, considerable difficulty in determining mix density resulted because 
the bulk storage bins were not, in fact, empty when flow was switched to another bin. To avoid 
such confusion in injection 5 ,  particular care was taken to make sure each bin was empty when 
flow was switched. 

The injection was started a t  7:11 AM, May 28, 1964. All  components of the facility operated 
satisfactorily, and the injection continued until the supply of solids was exhausted a t  5 5 0  PM. 
Approximately 148,000 gal of waste was pumped at an average rate of 240 gpm. 

A plot of the volume of waste pumped during the injection is shown in Fig. 7.11. The valume 
of slurry pumped can be found by multiplying the liquid volume by the factor 1.32. A plot of the 
injection pressure during the rim is shown in Fig. 7.2. 
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Fig. 7.11. Cumulatlve Volume Pumpod, Injection 5. 
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As each bulk storage bin was emptied of cement, the volume of waste that had been pumped 
to that time was determined by level readings of the waste tanks. The volume of waste and the 
weight of cement consumed w e n  used to  determine the accuracy with which the Densometer sys- 
tem was controlling the proportioning of solids and liquid. These checks showed good correla- 
tion during the first part of the run but a progressively paorer correlation thereafter, probably a s  
a result of partial plugging of the Densometers. A plot of the recorded sluny density is shown 
in Fig. 7.12. 

In Fig. 7.13 is shown the average slurry density computed from the amounts of cement and 
waste consumed compared wi th  the average slurry density measured by the Densometer. 

Activity levels were considerably higher in this run than in any preceding run. Particularly 
high radiation readings were obtained when the waste solution was pumped from the waste tank 
containing the "*Ce. These -dings were much higher after the tank had been emptied and 
refilled than when the tank was being emptied the first*time. Presumably the Ir4Ce had p m  

cipitated and settled and was resuspended when the tank was refilled. No activity was de- 
tected in the hopper off-gas downstream from the filters, and no dose rate higher than 5 mdhr 
was observed in any operating area. 

A t  5:30 PM, after 147,600 gal of waste had been injected, the run was halted temporarily, 
and 920 gal of water was pumped from the waste pit, mixed with solids, and injected. This 
wa5 done to reduce the liquid volume in the waste pit so that m o r e  washup water could be 
used, if necessary. The injection was resumed, with water from the water tank being mixed 
with the remaining solids, The injection was ended at 6 5 0  PM, when the supply of solids was 
exhausted. 
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Fig. 7.12. R a c d  of Slurry Density, Injection 5. 
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Fig. 7.13. Donsomahr h a d i n g s  ond Colculatrd S l u r  Density, lnjrction 5. 

RADIONUCLIDE RETENTION IN GROUTS 

Following injection 5 ,  four core holes were drilled to the top of the Rome sandstone to lo- 
cate and obtain samples of the solidified grout (Fig. 7.14). The results of this drilling are 
given in Sect. 10. 

Well SlOO intersected injection 3 a t  a depth of 904.5 ft, or - 118.4 f t  mean sea level. This 
grout seam appeared in the core as a single layer about 0.35 in. thick. The seam flowed water 
slowly from December 9, 1964, when the flow rate was about 13.2 gal/hr, to January 11, 1965, 
when the flow rate was 3.7 gal/hr. A t  this timeqdrilling w a s  resumed. A sample of the water 
collected on December 14, 1%, gave the following analysis in parts per million: 121-, 36,500; 
Na', 31,100; NO,', 28,600; Ca", 2930; OH", 2000; SO,2', 1620; M$+, 380; Sr2+, 350; C03,-, 
160; and HCO,', c1.0. Radioactive materials in the water gave the following analysis in dis- 

integrations per minute per milliliter, corrected for geometry: 'H, 1620; 90Sr, 150; and "'Cs, 
830. Gas which accompanied the water in very roughly equal volumes gave the following anal- 
ysis in volume percenat: N,, 72.7; CH,, 9.5; 0,, 0.63; H,, <0.2; CO,, 0.1; CO, 0.1; the balance 
of about 17% is probably hydrocarbons heavier than methane. Gas of similar composition had 
been collected from the Joy wel l  before the casing w a s  set and from several other wells a t  the 
s i t e  of the second fracturing experiment, The nitrogen is presumably air from which the oxygen 
has been removed, and the methane and other hydrocarbon gases  come from the breakdown of 
seaweed trapped in the lower Conasauga shale  when i t  was deposited. 

The relatively large flow of water from the grout seam formed by injection 3 may possibly 
be explained as due to phase separation from the improperly proportioned grout pumped during 
the last 30 min of the injection. The high content of sodium chloride results €roar leaching of 
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the red shale, and the high caustic content of the water f m m  the high caust ic  content of the 
IOX synthetic waste used for this injection. 

In Table 7.2 are shuwn leachability data on grout matedls prepared (1) with simulated waste 
spiked with a c W  O W L  waste (laboratory mix), (2) from samples taken a t  the fracturing plant 
during injections 3, 4, and 5 (plant slutry), and (3) from grouts recovered in  the core drilling pro- 
gram {cored grout). The laboratory mix was cured for approximately 12 to 14 months; the plant 
slurries and cored grouts had cured for about 10 months, that is, from the time of the actual in- 
jections. Since the thin grout sheets  in the recovered cares were not of uniform geometry, as 

the samples from the cube molds prepared in the laboratory were, all three types of grout were 
ground and sieved, and only those particles passing a 6Qmesh screen were used in the tes ts  
(se!e Chap. 5 )  because of the enormous increase in surface area exposed. Leaching of the 60- 

mesh particles was carried out in plastic bottles containing 1 g of solids per 100 ml of distilled 
water. 
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Table 7.2. Comporison of Rodionuclido Leaching of Grouts from Labomtory Simulated Wosta, 

Plant Sluny, and Cora Samples 

Values listed are cumulative percentages of original activity leached 

Injection 3 Injection 4 Injection 5 

Laboratory Plant Cored Labontong Plant Cored Laboratory Plant Cored 
Slurry Grout M i x  Slurry Grout Mix Slurry Grout 

1 13.5 16.83 4.01 0.95 3.27 0.39 0.13 0.08 0.04 

4 15.68 17.01 4.40 4.08 0.33 

Leaching Time 
(hr) 

24 15.61 17.36 4.66 2.54 0.10 0.05 

72 7.36 0.35 1.32 0.21 0.06 

120 16.35 18.05 5.00 3.33 8.08 0.30 1.62 

260 17.65 18.61 8.22 3.80 8.40 0.16 1.77 0.27 0.05 

336 17.90 18.73 9.06 3.73 8.30 0.23 1.95 0.28 0.06 

504 18.75 19.60 a97 3.14 8.52 0.19 2.14 0.30 0.06 

The data in Table 7.2 indicate that the highest leach rates occurred in the mix used in in- 

jection 3. Considering the three laboratory mixes, one observes that leachability increases in 

the order of the respective injections, 3 > 4 > 5. This is accounted for a s  follows. Injection 
3 was of 1OX waste, and the mix contained no illite; the high salt content prevented attapulgite 
from adsorbing radioactivity, particularly the l 3  'Cs which predominates in actual ORNL in- 
termediate activity waste. Low-salt-content waste solution, lX, was used in injection 4; in 

this c a s e  the lack of competition for fixation sites greatly improved the attapulgite's retention 
of radiocesium. The mix for injection 5 contained IX waste and illite, and the retention of 
137Cs was increased by about 30%. The retention of lJ7Cs by illite is high because illite is 
highly selective for sorption of radiocesium whereas attapulgite i s  not, losing i t s  capacity for 
sorption of this radionuclide as the salt concentration is increased. 

. 

It is seen in Table 7.2 that the retention of radionuclides by the grouts formed in the dis- 
posal  formation (cored grout) was better than that by the grouts prepared in the laboratory 
(plant s l u m e s  and laboratory mixes). Perhaps the improvement comes from the sett ing and 
curing under pressure. Setting under pressure develops a grout of slightly higher density and 
therefore of lower porosity and surface area available for leaching. Cored g o u t  from injection 
5 was t h e  best in retaining radionuclides; analysis of the leachate revealed that the activity 
was primarily 44Ce. 

These results were very encouraging and suggested a continuing program of mix  develop- 
ment with emphasis on the  design of mixes with improved radionuclide retention characteristics. 



8. Experimental Injections, 6 and 7 

The second series of two experimental injections w a s  planned (1) to determine the underground 
behavior of low-solids-content slurries containing a cheaper substitute (pozzolan) for portland 
cement, (2) to evaluate the performance of a mass flowmeter for solids/liquid proportioning - a 
device that would continuously weigh the dry sol ids  being used and thereby make possible a more 
precise control of the ratio of solids to liquid than had been possible with the Densometer, and 
(3) to evaluate laboratory results of phase separation in the low-salidsrcontent slurries (see 
Chap. 5 )  by measuring the  flowback of water and/or waste from injected grout in the fracture. 
An objective of secondary importance was to  test the results of two injections into the same 
slot in the wel l  casing. 

Prior to injection 6, laboratory tests with low-solids-content mixes  had provided considerable 
evidence that phase separation could occur before or after setting, depending on the chemical 
composition of the waste and on the proportions of attapulgite and delta gluconcrlactone (DGL) 
in the solids blend. It was necessary therefore to assess this problem in the field, conditions 
being considerably different in the fracturing plant, in the injection well, and in the fracture than 
in our laboratory testing equipment. We reasoned that phase separation could be assessed by 
measuring and analyzing the flowback of water or w a s t e  from the injection we& after the injection 
bad been completed and the injected slurry had had time to s e t ,  by leaving open the slot at the 
bottom of the wel l  and then later opening the valve at the wellhead. Thus, if phase separation 
had not occurred, only a minimal volume of liquid would be expected to flow back, representing 
essentially the s m a l l  amount of contaminated water pumped into the fracture at the end of the 
run following cleanup; if phase Separation had occurred, that smal l  amount of contaminated 
water plus some unknown amount of waste solution would be expected to flow back. 

Volumes of about 100,000 gal were planned for both injections, this being the maximum 
volume that could be injected without requiring cement delivery during the injection. As in 
injection 5, the 60,000 gal of waste solution required in excess  of the capacity of the was te  
storage tanks (40,000 gel) was to be synthetic waste (nonradioactive) made up a t  the Y-12 
plant beforehand and transferred to the emergency waste trench. This  solution would be 
pumped to  the storage tanks as these tanks were emptied during the injection operation. 
For injection 6 ,  a mix of water and dry sol ids  was to be used for the first 15 min of the injection 
so that the initial performance of the mass flowmeter could be evaluated and any necessary 
corrections made before the system became contaminated by waste solution. A similar mix  w a s  
to be used the last 15 min of the injection to decontaminate the equipment. 

147 
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WASTE COMPOSITIONS AND MIX FORMULATIONS 

W Q S h  Compositions 

Table 8.1 l i s t s  the chemical and radionuclide contents of the waste solutions used in the 
two injections. The w a s t e  soIution for injection 6 was planned to have approximately three 
times the concentration (3x waste) of dissolved sa l t s  in normal ORNL intemediate-level 
waste. Approximately 30,000 gal of actual waste solution containing about 1900 curies of 
"Sr and 137Cs w a s  transferred to the waste storage tanks. This  waste was mixed with 
10,000 gal of 1Ox synthetic waste solution, agitated, and sampled. Chemical analysis of 
the solution showed it to be approximately 3x waste (Table 8.1). Samples of the synthetic 
was te  in the emergency trench indicated chemical concentrations somewhat less than those 

of 3x waste, probably due to inadequate mixing and dilution by rainfall. 

TaMo al. Chomical md Radiormclidm Conion, ot Waste Solutions Usod in Injoetions 4 and 7 

Injection Injection 
6 7 

(Tanks and Treach) Tanks TrcnCh 

a d C d  COQCmtXatiOXl (M) 

Sodium hydroxide 0.69 0.17 0.04 
Sodium nitrate 1.15 0.63 0.10 
h l 5 O d l l U )  SUIfat8 0.11 0.06 0.002 

Aluminum sulfate 0.08 0.04 0. ow 
Sodium carbonate 0. os 0.04 0.011 

Radionuclide content (curies) 
gost 330 

137c. 1562 
' O s ,  2 
6oC0 1 

492 
3358 

2 
14 

The was te  solution for injection 7 was meant to be 1 . 2 5 ~  waste. About 36,000 gal of 
actual waste was transferred to the waste storage tanks. This  was te  contained 14 curies  of 
6oCo, which had been added as a tracer to aid in future identification of the grout sheet(s) of 
injection 7 if such identification should prove to be difficult. This  was te  solution was 
mixed with 5000 gal of concentrated synthetic waste solution, agitated, and sampled. The 
chemical concentration was approximately that of 1.25~ waste; radiochemical analyses 
indicated 1828 curies of 137Cs and 3.5 curies of 6oCo in tank 1, 906 curies of "'Cs and 

5.5 curies of 6oCo in tank 2, and 624 curies of 137Cs and 5.0 curies of 6oCo in tank 3. About 
40,000 gal of water w a s  run into the emergency was te  trench and thoroughly mixed with the 3x 
synthetic solution already in the trench. The trench was sampled at various locations and 
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depths; samples showed no evidence of any concentration gradient and indicated that the 

chemical concentration of the solution was very nearly that of water (see l as t  column i n  
Table 8.1). 

In sp i te  of the lack of contxul of waste compositions in the tanks and in the emergency 
trench, we were able  to formulate the eppmpriate mixes because the analytical data were 

obtained before the dry solids were blended. 

Mix for Iniection 6 

This mix was developed as a lowsost setting mix containing pozzolan as a partial substitute 
for portland cement. The slurry had the following composition and properties: 

Composition 

DOUSiW 
Volume 
Viscosity 
Water aepuratFw 
Fluid loss 
Pumphg time at 89OF 
Compressive s t r a r e  

Material1 cost 

3x waste prepercd from 30% synthetic 1oX waatc 

2.0 lb type II cement pet gallon of waste 
2.5 lb Kingston fly nsh per gallon of waste 

0.9 lb attapulgus 150 per gallon of waste 
0.5 Ib Gmndite per @loa of waste 
0.003 Ib DGL per galha of waste 

and 7090 normol ORNL waste with 400 ppm TBP 

11.7 Ibb/gnl 
1.28 0.1 per gallon of waste 
7 poises 
0 before and nAer aettiag 
197 cc/30 mLs using 100 psi test 
12 hr SO min 
150 psi  after 14 days at 80°F 
5.9 

Althougb phase separation is discussed more fully later in this chapter, it should be noted 
here that the water (phase) separation reported for all mixes for injectiods 1 through 6 was 

determined on slurries prepared by the standard API technique of adding the solids in 15 siec 
while stirring at “SIOW” speed and then stirring for 35 sec a t  “high” speed in a Waring Blendor. 

Mix far Iniection 7 

Two different blends were wed in this injection. This became necessary when we discovered 
that the dry solids blend specified for 1.2% w a s t e  “flash set” with the waste in the storage 
tanks. Fortunately, this blend did form an acceptable slurry when mixed with tho less- 
concentrated synthetic waste from the emergency trench. Hence, this blend (stored in bins 1 
and 2) was used with the trench waste. This slurry hand the  following composition and properties: 
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Composition 

DmSity 
Volume 
Viscosity 
Water separation 
Fluid loss 
Furaping time 
Compressive strength 

Material cost 

0.- waste prepared in the emergency trencfies with 400 ppn TBP 
3.6 lb type II cement per gallon of waste 
2.9 lb Kingston fly ash per gallon of waste 
0.9 Ib attapulgus 150 per gallon of waste 
0.5 lb Gntndite per gallon of waste 
0.005 Ib DGL per gallon of waste 

12.0 lb/gaI 
1.40 sal per gallon of waste 
5 poises 
1% before setting; 0 after setting 
Not detennined 
Greater than 6 he at 89'F 
Not determined 
7.5 Q per gallon of waste 

The blend used with the waste in the tanks (1.25~) was stored in bins 3 and 4. This 
had the following composition 

Composition 

D-iity 
Volume 
Viscosity 

and properties: 

1.25~ waste with 400 ppm TBP 
1.8 Ib type II cement per gallon of waste 
3.7 ib Kingston fly ash per gallon o f  waste 
0.9 Ib attopulgns 150 per gallon of waste 
0.5 Ib Gnmdite per gillon of waste 
0.007 Ib DGL per gallon of waste 

11.7 w g 8 1  
1.38 gal per gallon of waste 
5 poises 

Water separation 
Fluid 108s Not determined 
Pumping time 
Compressive strength Not determined 
Material cost 

0 before rmd after setting 

Greater than 6 hr at 89OF 

6.2 Q: per gallon of waste 

The flash sett ing with tank waste was overcome by using less cement and more  DGL in the 
formulation. 

Figure 8.1 shows the variation in slurry density as a function of the solids content of the 
slurry. For injection 6,  a solids feed rate of 6.0 Ib per gallon of waste was specified, which 
corresponded to a slurry density of 11.70 lb/gal. The latter specification w a s  required for 
controlling the solids to liquid ratio with the Dcnsometer, and the former specification was 
required for adjusting the mass flowmeter. 

For injection 7, two blends were prepared, and it was necessary to specify which storage 
bins were to be used with a given waste. For tank waste, solids from bins 3 and 4 were to be 
used at a feed rate of 7.0 lb/gal and a slurry density of 11.75 lb/gal. For trench waste, solids 
from bins 1 and 2 were to be used at a feed rate of 8.0 lb/gal and a slurry density of 12.0 
lb/gal. 
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Fig. 8.1. Variation in Slurry Density as a function of t t t m  Solids Content of a Slurry. 

INJECTION 6 

Plant Modification and Pruparotion 

In the interval between injections 5 and 6 ,  the major modificatian to the fracturrng plant 
was the  installation of a Halliburton mass flowmeter and associated equipment. The mass 
flowmeter is a device that will continuously we& the solids passing through it ,  Integrate 
this reading with a liquid flow rate measurement, and g v e  a direct reading of the relative 
weights of solids and liquid that a re  being mixed to form the slurry. In preliminary tests this 
device had given a much more sensitive indication of the solids to liquid ratio than the 

Densometer system previously used. The arrangement of the mass flowmeter in the mixing 

cell is shown in  Fig. 8.2. 
Other modifications included the addition of supplemental shielding OR the w a l l  of the  

mixing cell facing the operating platform, a modification in t he  sampler to  reduce the 
likelihood of plugging, and a minor change in the vent piping. Since constant observation 

of the hopper was not necessary with the use of the mass flowdeter and since it  was desirable 
to reduce the radiation exposure of the operators, the window (Fig. 6.14) between &e operating 
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Fig. 8.2. Arrangement of  the M a l a  Flowmeter in the Mixer Cell. 

platform and the mixer cell was closed with lead bricks. The Plexiglas window in the mixer 

hopper was replaced with sheet metal. 
The procedure for proportioning the mix for injection 6 was determined by the avsilability 

of a scale large enough to weigh loaded transporter trucks. A pneumatic transporter truck was 
loaded with fly ash at Kingston and driven to the cement plant a t  Knoxville. An empty transporter 

was parked on the cement plant sca les ,  and fly ash  was blown from the full truck to the empty 
one until the desired weight had been transferred. Cement was then added to the truck on the 
scales until the cement and fly ash in the truck were in the correct proportions. This load was 
then delivered to the hydraulic fracturing plant, and a second load w a s  blended. Usually, three 
loads of proportioned cement and fly ash could be obtained from one load of fly ash. At the 
hydraulic fracturing plant, the cement and fly ash were blown from the transporter to a “P” 
tank; the attapulgite, Grundite, and retarder were added by means of the “bazooka.” The 
load in the P tank was then blended and stored in a bulk storage bin. 

The solids were blended over a f iveday  period and stored in the four bulk storage bins 
and the two blending tanks. During the loading of the cement into the transporters, an 
inexperienced operator was confused by the procedure and added too much cement to the 
trucks. This error was detected only after one of the bins was fully charged and a second 
bin partially charged. To correct the proportion of cement in the partially filled bin, the 
remainder of the mix was made with reduced cement content, and the bin was aerated to mix 
the entire content. The solids for the two remaining bins were blended according to  specifica- 
tions. The total was 520,600 lb of solids plus an unknown amount of excess  cement in one of the 
bins. 
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Slotting and Injection 

The injection wel l  was slotted at  a depth of 880 ft on May 18, 1965. Breakdown pressure was 

approximately 5000 p s i  (wellhead measurement). A total of 760 gal of water was injected at  this 
time to establish that the formation had fractured sufficiently. 

The injection w a s  started at 9:30 AM, May 19, 1965. Almost immediately after startup, it 
became evident that the cement was not flowing as expected - the mass flowmeter indicated a 
feed rate of about 5 lb/gal, and the Densometer indicated a maximum slurry density of 10.8 
lb/gal. The correct readings should have been 6.0 Ib/gal and 11.7 Ib/gal respectively. After 

2570 gal of slurry had been pumped the injection was stopped to determine the cause of the 
trouble. The valve beneath bin 1 was found to be clogged with cement scale. The valve was 

cleared and the injection restarted. Again it became evident that the mixing was not normal; 
the flowmeter gave erratic readings, and the Densometer indicated a fluctuating density. The 
injection was stopped after a total of 4420 gal of waste had been pumped. The well, pump, and 
surge tank were  washed clear of skurry, and a wiper plug was pumped down :he well and over- 
flushed. This ended what is called injection 6 A  (Fig. 8.3). 

Investigation teveded that either the mixer or the hopper had become plugged and that the 
dry solids had filled the hopper and overflowed through a vent line to the surge tank and 
through the valve handle opening into the mixer cell ,  filling the mixer cell with dry solids 
and slurry to  a height of about 3 ft. Also the solids in the mixer cell were contaminated. . 

Cleanup and Modifications 

The solids in the mixer cell were washed to the cell  drain by water hoses operated from 
the cell roof. The solids-water slurry was drained to the waste pit, and f r o m  there it was 
pumped back to the surge tank and down the injection wel l  €or disposal. A total of 18,800 gal 
of wash water was pumped into the we l l  in this manner. 

The mixer bowl was disconnected and found to be clear; t h e  plugging was suspected to be 
in the hopper. After the packed and hardened cement was removed from the hopper, the ac- 

cumulator tank was disconnected, and examination of the mass flowmeter revealed that a 

plastic cone about 12 in. rn diameter had come loose. The cone had fallen into the hopper 
and caused the pluggmg. 

Since repairs to  the mass €lowmeter would require several days, it  was decided to continue 
the  injection without repairing the flowmeter; control of the proportioning would be b y  the 
Densometer as in previous runs. It w a s  further concluded that the large volume of waste water 
that had been pumped into the formation would make flowback measurements meaningless; hence 
it was decided to plug the s lot  and to cut a new slot and initiate a new fracture. 

The accumulator tank was replaced in the mixer hopper. Screens made of ?,-in.-mesh woven 
wire  were  cut and inserted in the air s l ides  from the storage bins as a precautionary measure 
to keep solids from entering the system. 
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Reslotting and Injection 65 

The original slot at 880 ft was plugged, and a new slot w a s  made at 872 ft. The well was 

pressurized, and breakdown occurred at approximately 3500 psi. A total of 820 gal of water 

was pumped to  develop the fracture (Fig. 8.4). 
The injection was resumed on May 22, 1965. Within 10 min after startup, the flow of solids 

had stopped. Switching to a second and a third storage bin did not eliminate the  problem; hence 
the injection was stopped, and the screens that had been placed in the air slides were removed. 
The screens were  found to be plugged with agglomerated solid particles, The injection was then 

resumed without [he screens. 
For approximately an hour the operation w a s  smooth; then the pressure indicator on the 

injection pump showed that a pressure fluctuation w a s  occurring in the high-pressure system. 
This fluctuation increased progressively, and it was decided to halt the injection after 3 2  hr of 

operation to check the pump and valves and to clear the air s l ide from bin 4, which was plugged. 
The air s l ide  from bin 4 was cleared of agglomerated solids. The pump w a s  found to have a 

badly eroded valve. Evidently the valve had not been seating properly, and the flow of slurry at 

high pressure past the valve seat had caused the erosion. The valves were replaced and the 
injection resumed. 
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The injection was continued for 45 min, when a leak was observed in the wellhead cell. 
The injection was halted, and the standby unit was connected to the high-pressure piping 

manifold and used to pump water down the annulus and out the siot. Having located the leak 
at the connection between the plug container at the wellhead and the connecting piping, w e  
opened the master valve and cleared the grout remaining in the central tubing string. After 
the well was cleared, the pump, the surge tank, and the piping manifold were washed. Tine 
wellhead cell was cleared first with hosing from t he  roof hatch and then with hosing from the 

inside of the ceIl by a man i n  an air suit. In this manner, contarnination in the wellhead cell 
was reduced sufficiently so that the plug container could be removed from the  wellhead and a 

direct connection made between the wellhead and the high-pressure manifold. About 2000 gal 
of water was then pumped down to clear the tubing and termmate the injection. The total volume 
of waste pumped during the injection was 64,000 gal. The total volume of slurry injected in 6B 
was 42,800 gal. 

Cleanup and Maintenonce 

One of the heads of the injection pump was replaced with a new one. The pump w a s  repacked. 
and new Chiksan fittings were installed on the high-pressure discharge. The fittings at several 
locations in the high-pressure manifold were checked for incipient fractures; none were found. 

A considerable amount of solids that had ken left over from injectlon 6 was found in Sin 4 
and removed. The other buts and the P tanks were checked and cleaned. 
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The surge tank was found to contain a great deal of set cement that had apparently gotten 
into the tank a s  a dry solid and had subsequently been wetted. The caked cement was about 
1 ft deep in the tank and filled the drain l ines for a distance of several feet. We have been 
unable to propose a reasonable explanation of how the dry solid got to the surge tank without 
going through the mixer hopper and leaving traces of i t s  passage. The cement was chipped 
and scraped out of the tank and drain tines, and a hydrochloric acid solution was circulated 

through the system to complete the cleaning job. 
The concrete waste pit had been filled with cement in the cleanup operations of injection 6 .  

Another pit was constructed immediately adjacent to the existing pit, and the various suction 
and drain lines were rerouted to the new pit. The suction line from the waste pit to the waste 
pump was found to be plugged with cement and was replaced. 

The top was removed from the wellhead cell to simplify the job of decontamination. The 
cell ana the cell tap were decmtaminated, the grating on the bottom side of the cell top was 
covered with welded metal sheets  to make future decontamination easier,  and the cell top 
was reinstalled. All the cell interiors were repainted. 

The mass flowmeter was reinstalled i n  the mixer hopper, and the system was checked. 
A calibration run had been made in Duncan w i t h  the sensing cone that had been lost in 
injection 6 .  It was not thought feasible to make another calibration run with the new cone; 
instead, it was planned to check the mass flowmeter readings against the weights of solids 
in the bins during the next injection and correct the mass flowmeter readings to make them 

agree - calibrate on the run, as it were. 

Flowback from Injection 6 

The wellhead valve was closed as  usual when injection 6 was terminated abruptly on May 
22, 1965. The valve remained closed until June I ,  at w h c h  time the injected grout (92,800 
gal) in the fracture produced through the slot at 872 ft Sad had more than enough time to set. 

On June I ,  the valve was opened partially t o  allow fluid to  flow back up the well a t  a rate of 
approximately 4 gpm; the .wellhead pressure prior to  the s tar t  of flowback was 350 psi. Flowback 
continued in this manner for 8 days, until the  valve could be opened fully (June 9). Following 
this, the rate of flowback decreased rapidly over the next two weeks, a s  shown in Fig. 8.3. 

Beginning on June 22, the weil was shut in  for a period of 9 days. The valve was then 
reopened (July l), and fluid continued to flow back a t  an everdecreasing rate for the next 30 
days. Sixty days beyond the date of the initial opening, when the flow rate had dropped to 

about 0.2 gpm, the valve was closed and flowback measurements w e r e  stopped. All of the, 

fluid flowed back was collected i n  a calibrated tank, and samples were taken twice a day 
for the first week and analyzed; thereafter, the sampling frequency was reduced to once a 

day until the end of the observation period. 
The rate of flowback with time and the accumulated volume are plotted in Fig. 8.5. A 

total of 17,000 gal of fluid flowed back during the 6Oday period. Considering the 64,000 
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Fig. 8.5. Flow Rat. and Cumulative Voiuma of Flowback with Time, Inioctian 6 .  

gal of fluid injected, this amount of flowback wouid indicate that phase separahon in the 
slurry approximated 27% by volume. This value €or phase separation may be unrealistic, 
however ,  in view of the many difficulties encountered during injection 6 .  

Conductlvity and pH measurements were made of t h e  s a m p l e s  taken during flowback. 
Conductivity was measured with a type RC conductivity bridge, and :he readings were 
corrected to 24*C. The pH measurements were made with a standard Beckman pH meter. 
Results of these measurements are shown in Fig. 8.6. The data show that the conductivity 
of the flowback fluid tose rapidly and approached an equilibrium value. Samples taken after 

t h e  326 day showed lower conductivrty values than those taken prior to the nine-day shut-in. 
The pH of the flowback fluid decreased with time; two samples taken after the we!l w a s  

shut  in had higher  pH values than the samples taken immediately before shut-In, but the 
trend was a definite decrease with t ime.  
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Table 8.2. Chamicol and Radiochemical Composition of  Flowbock from lniection 6 

Nuclide Concentration Chemical Concentration (iWj 
Sample (dis m m - '  xl-') 

1 3 7 c s  9OS, 10eRu "CO 
No. a Na* ca2+ CI- NO,- s0,2- co3z- 

- ~~ 

Y 10" Y 10'' s 10'' Y 10'' 

1 -0.01 - 0.78 0.027 0.47 0.30 0.006 0.006 6.20 4.40 0.22 
3 0.95 0.050 0.71 0.35 0.011 0.41 4.65 2.99 0.03 0.02 
9 0.95 0.056 0.77 0.33 0.009 0.41 4.55 3.10 0.03 c 0.006 

16 1.07 0.065 0.84 0.31 0.008 0.03 3.63 2.82 0.00 < 0.001 
22 1.01 0.064 0.84 0.30 0.007 0.04 3.29 3.76 0.00 < 0.001 

32 1.01 0.069 0.84 0.30 0.060 0.00 3.26 3.27 0.00 < 0.001 
38 .96 0.073 0.81 0.28 0.070 0.00 2.96 4.90 0.00 <0.001 

52 0.93 0.070 0.80 0.27 0.006 0.00 2.81 4.09 0.00 <0.001 

asample number refers to day of sampiing after the wellhead valve was opened mlhally. 
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Selected samples of flowback were analyzed for chemical and radioactive constituents, as 

shown in Table 8.2. One very Interesting finding of the analyses was the high concentration 
of chlorides in the  flowback fluid. Since chlorides were not present in the waste solution 
or in any constituents of the dry solids blend, their occurrence in flowback can only have 
originated in the host rock; Conasauga shale is of marine origin, and the appearance of sal t  
in flowback solution thereefore should not have b n  too surprising. The relatively high 
Concentrations of NO,' indicate that some waste solution flowed back. The dominant 
radionuclides present in the flowback solution were "Sr and 
of "Sr was 3.65 x 10' d i s  min" de'. Therefore, in the 17,000 gal of fluid flowed back, 

approximately 1.1 curies of "Sr was recovered, or about 0.3% of the "Sr injected. A similar 
calculation for I3'Cs shows that about 1.1 curies was recovered in the flowback fluid, 
representing about 0.1% of the 

'Cs. The average concentration 

37Cs injected. 

These  observations are discussed at the end of this chapter, along with those of the  flowback 
from injection 7. 

INJECTION 7 

Plont Modification and Prqaration 

Following injection 6 ,  considerable concern was expressed by Halliburton about the lumps 
that had been found in the solids blend. It was theorized that these lumps were formed during 
blending and eeration by water condensed from the air used in these operations. It was 

suggested that less water would be condensed if the air were compressed directly to 30 psi, 
rather than being compressed to 100 p s i  and subsequently reduced to 30 poi as the existing 
system was doing. An air blower was obtained from Halliburton to provide 450 c fm of air at a 

pressure of 30 psig. It was found that the electrical supply was not adequate to operate this 
blower in addition to the other electrical equipment that would be operating during an injection 
and that the electrical supply could not be increased In the time remaining before the injection. 
By this time, however, the source of the lumps in the dry solids bad been found to be the TVA 
f ly  ash, and use of the air blower for the upcoming injection did not s e e m  nearly as urgent. 
AccordingIy, the blower was used to blend the solids; air for the aeration of the bulk storage 
bins during t h e  injection wa5 supplied by the portable 100-psi compressors as in previous 
injections. 

A second Gadco dampener was bought and installed OR the high-pressure discharge of the 

injection pump. 
The procedure for proportioning the  mix for injection 7 was the same as that folIowed In 

injection 6. A pneumatic transporter was loaded with f l y  a s h  at Kingston and driven to the 
cement plant at Knoxville. An empty transporter was parked on the cement plant scales ,  and 
ily a sh  was blown from the full truck to the empty one until the desired weight had been 
transferred. Cement was then added to the truck on the scales until the cement and fly ash in 
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the truck were in the correct proportions. This  load was then delivered to the hydraulic 
fracturing plant, and a second load was blended. Usually, three loads of proportioned cement 
and fly ash could be  obtained from one load of fly ash. A t  the fracturing plant, the cement and 
fly ash were blown from the transporter to the P tank; the attapulgite, Grundite, and retarder 
were added by means of the “bazooka.” The load in the P tank w a s  then blended and stored 
in a bulk storage bin. 

Blending was started on August 2, 1965. Two transporter trucks were unloaded, and the 
contents were blended and stored in  bin 1. The third transporter truck could not be fully 
unloaded because there were many large lumps of caked fly ash in the bottom of the truck. 
The plant engineers at Kingston speculated that the lumps had gradually formed in their 
storage bin s ince it had las t  been cleaned. They emptied their bin, cleaned i t  of all ac- 

cumulated fly ash, and refilled it with fresh fly ash. This necessitated the suspension of 
blending operations until fly ash was again available. A screen was fabricated that could be 

mounted on the transporter truck to strain out any fly ash lumps that might be  encountered in 

the future. 
Blending operations were resumed on August 6. Three transporter trucks were unloaded, 

and the contents were blended and stored in bin 2. The first of these trucks to be emptied went 
for the second load of fly ash,  which was found to be  quite wet. The blending operations were 
again suspended while the fly ash storage facility a t  Kingston was modified and the wet 
fly ash cleaned out of the storage bin. 

Samples of the blend in bins 1 and 2 were tested in the laboratory and found to flash s e t  
with tank waste after about 1 min of mixing. The trouble was  traced to  the cement; apparently, 
enough anhydrite cement had gotten mixed with the gypsum cement to cause the flash set to 
occur. Just  how this had occurred could not be explained by the operations people a t  the 
cement plant; in any case ,  no other cement was available for our use. The blend was therefore 
modified (by lowering the proportion of cement and increasing the proportion of DGL) so that the 
remaining cement could be used without risking the Occurrence of a flash set. 

Further experimentation showed that the blend in bins 1 and 2 could be used without risking 
a fiash set if the chemical concentration of the waste solution was low. Several sampiings of 
the synthetic solution i n  the emergency trench showed that the chemical composition was little 
different from that of water (Table 8.1) and that the solution could be used with the blend in 

bins 1 and 2 .  

Blending operations were resumed on August 12 and continued through August 13. There 
was no further difficulty with the fly ash except for an occasional delay in gett ing the Ely ash 
to flow from the storage bin a t  Kingston. This probably resulted from the ash packing around 
the unloading valve. Bins 3 and 4 and both P tanks were charged with the new blend. 

Because of the difficulties experienced during blending, a rather elaborate schedule of mix 

(Table 8.3). proportioning for injection 7 was adopted 
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Toblo 8.3. Mix Proportioning Schedule for Infection 7 

Container Solu~on Mix Ratio (lb/gal) Corrcspaoding Density (lbiga1) Volume (gal) 

Ban3 
Bin 3 
Bin4 
P tenk 
Ptank 
Bin 1 
Bin2  
B i n 2  

Water 
Waste tank 
Waste tank 
Waste tank 
Woste trench 
Woste trench 
Waste trench 
Water 

6.25 

7.00 
7.00 
7.00  
8.00 

a. 00 
8.00 

9.00 

11.15 First 5DM) 

11.75 
11.75 
11.75 
11.75 
12.00 
12.00 
12.20 Last 5ooO 

The previous fracture of injection 6 was broken down with 104 gal of water at 1600 psi. 
The injection wes started at 9:OO AM, August 16, 1%5. As planned, a water-solids mix 

was injected €or the first 20 min to determine that the  mass flowmeter was working w e l l  before 
switching to waste solution. The mass flowmeter appeared to be working quite well, and at 
9:22 the  injection of waste soiutron was started. 

The Ib/min readout fmm the mass flowmeter was integrated every 5 m i n  to give a running 
total of the amount of sol ids  that had been consumed. Fairly early i t  became apparent that the 

m a s s  flowmeter readings were too high; at 10:28, when bin 3 ran empty and the integrated 
Ib/min curve indicated that 153,000 lb of solids had been consumed (128,000 lb in bin 3), it was  
obvious that the redings were high. The total so l ids  in bin 3 divided by the total gallons 
pumped to that time indicated that the mix ratio to that time h d  been about 6 Ib/gal instead of 
the nearly 7 Ib/gal that was desired. The soIids rate was accordingly increased. During the 

time that bin 4 was being emptied, the readings from the’mass flowmeter were integrated as 

before, but more faith was being placed in the Densometer readings because the mass flowmeter 
readings were obviously badly in error. At 12:lO PM, bin 4 ran empty. The integrated mass 

meter  readings at this time indicated that 199,000 Ib of solids had been taken f r o m  bin 4 (152,000 
lb were  in there). The error at  this point was greater than the error when bin 3 had run empty; 
from this point on, faith in the mass flowmeter was nonexistent. 

Starting at about 11100 AM, the Ib/gal readout of the mass flowmeter had gone off scale.  
The system components had been sized to read up to 8 lbigai at a time when the probabie mix 
ratio was about 5 lb/gal. The heavier than expected mix ratios and the inaccuracy of the mass 
flowmeter had combined to force the instrument beyond i ts  design range. The lb/gal readout part of 
the instrument was disconnected, and readings were thereafter taken of the ib/rnin flow only. 

Starting at  12:lO PM, solids ivert taken from bin 3, which had been refilled from the P 
tanks while bin 4 was being emptied. Densometer and mud balance readings had indicated 
that the slurry being injected did not have enough solids; the flow of solids was  accordingly 
increased. Shortly thereafter the Densometers began pluggmg, and i t  was noted that the slurry 
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in the surge tank was stiff, was difficult to pump, and tended to  set. At 1250 the injection was 
halted, the well was overflushed wjth water, and the surge tank and various slurry l ines were 
washed. While the injection was shut down, it was noted that the mass flowmeter was indicating 
a flow of 2700 lb/min. The injection was restarted at 1:15. 

At 1:35 bin 3 was empty, and flow was switched to bin 1 - the bin that was thought to contain 
many lumps of caked fly ash. To everyone’s surprise, the smoothest operation of the injection 
prevailed while this bin was being emptied. 

At 2:48 flow was switched to bin 2, and at 3:30 it was estimated that the solids left in bin 2 
would suffice €or only 15 min more operation; the solution flow was therefore switched so that 
water was being mixed and injected instead of the solution from the emergency waste trench. 
The solids lasted longer than expected; the storage bins did not run empty until 4:24 PM. 

The  injection well was overflushed with water and valved shut. The system was washed 
and carefully checked to be sure that all l ines were open. The following day the bins and air 
sl ides w e r e  checked, and the s m a l l  remaining amount of solids m i x  was cleaned out and 
discarded. The estimated remaining solids weight was 3000 lb. 

Figure 8.7 shows the liquid volume pumped during the injection as measured by waste 
storage tank volumes and the Halliburton flow totalizer. The  totalizer was apparently 
reading about 15% high. 

Table 8.4 is a log of the injection. The volumes are from waste storage tank volumes. 
Figure 8.8 i s  a plot of the mass flowmeter readings during the injection, an equivalent m a s s  

flow rate calculated from Densometer readings, and the difference between these two values. 
A comparison of these curves shows a gradually increasing difference for the first 90 min and a 

nearly constant difference thereafter, except for a 30-min period when the mass flowmeter was 
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Fig. 8.7. Liquid Volume Pumped in Injection 7 as Maosured from Waste Storage Tank Volumes and from 
Halliburton’r F l o w  Totalizer. 
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Tgbl. 8.A Log of  ~nioction 7 

Mix Ratio 
Desmrd (am) 

(€@) Ub/gal) 

222 
222 
222 
222 
158 
I95 
185 
195 
I85 

Volume Pumped 
Bin Flow Rate 

Time 
Solution m Interval From To KO. 

6.25 

7.00 
7.00 
7.00 
8.00 
8.00 

8.00 
8.00 

9.00 

3 Water 4,440 
3 Waste 15,110 

P TW& 4. OOO 

2 Trench 8,000 

2 Water 10,500 

920 900 
920 1028 
1028 1210 
1210 1218 
1218 1250 

1335 1444 

4 Waste 22,660 
P Waste 1,800 

4, m 
1 Trench 14,000 

131S 1335 P TtCnCh 

1448 1530 
1530 1624 

~ i ~ .  8.8. 
from Densome 

MUSS Flowmeter Readings During Infection 7 as Cornparod w i t h  Calculated Moss F l o w  
tar Readings. 

Rote 

indicating very high flows and the Densometer was indicahng lower than average flows. This 
particular penod corresponds to that pert of the injection just  prlor to  the shutdown, when the 
slurry was particularly viscous; t h e  Densometer was giwng erratlc readings and flow w a s  'Jery 
difficult to maintam. Since these conditlons would be expected if too hgh a proportion of solids 
were  being used, it seems most probable that the mass flowmeter w a s  more nearly correct in this 
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case and that the Densometer was giving false readings because of plugging, excessive air 
entrapment, or some other reason. Integration of the mass flowmeter curve yields a figure of 
835,000 for the total weight of solids consumed; integration of the Densometer curve yields a 
figure of 635,000 lb (with no correction for the 30 min when consumption w a s  probably much 
higher than indicated), Since only 588,000 Ib of solids were actually used, the accuracy of 
both curves is obviously poor. It was noted during the injection that solids were building 
up on the mass flowmeter and giving high readings. This observation is generally consistent 
with the  shape of the curve showing the difference between mass flowmeter and Densometer 

readings - a gradually increasing difference for i?bout 90 min and a fairly constant difference 
thereafter. The mass flowmeter curve is therefore corrected by subtracting a fixed quantity from 
each reading above 90 min and a quantity proportional to time from each reading up to 90 min; 
the amount subtracted is chosen so that an integration of the corrected curve wi l l  show the con- 

sumption of 588,000 lb of solids. The corrected curve is  shown in Fig. 8.9. 
Figure 8.10 is derived f r o m  flow rates and the corrected lb/min curve and shows the desired 

and the actual solids to liquid ratios achieved during t h e  injection. This curve shows that, 
except for a short period, the actual mix ratio was substantially below the desired mix ratio. 

I 
I I j j  

Flowback from Injection 7 

Injection 7 w a s  successfully completed on August 16, 1965. The injection was made into 
the same slot (872 ft) that was used in the concluding part of injection 6. The wellhead valve 
w a s  opened initially on August 31; pressure at the wellhead prior to the start  of flowback w a s  

Fig. 8.9. S o l i d s  F l o w  Rate from Corrected Mors Flowmeter Curve, Injection 7. 



165 

ORNL-DWG 67-9535 

0 + 
d 6  

5 

i I /  DESIRED 1 
RATIO 1 
MIX 

DESIRED 
MIX RATIO 

DESIRED MIX RATIO 

- MIX RATIO - 

I I ! I 

0 to 200 300 400 4 1  

TIME (min) 

Fig. 8.10. Desired Mix Ratio ood Actual Mix Ratio for Inieetion 7. 

335 psi. During the next three days, the rate of the flowback was approximately LO gpm; then 
the rate decreased rapidly and by the  5th day was 5 gpm and by the 14th day, 0.5 gprn. The 
well was shut in from the 23d to the 43th day after initial opening and then reopened. Flowback 
measurements then continued for an uninterrupted period of 77 days, constituting a total elapsed 
time of flowback of 100 days. Measurements of flow rate, volume, conductivity, pH, chemical 
concentration, and radionuclide concentration were  made as before. 

The rate of flowback with time and the cumulative volume are plotted in Fig. 8.11. The total 
volume collected was 19,800 gal; extrapolation of the flow rate indicates that 20,600 gal could 
have been collected - an additional 800 gal. 

The conductivity and pH measurements of samples taken during flowback are shown in Fig. 
8.12. The conductivity of the fluid increased wish t ime ;  but unlike flowback from injechon 6, 
the conductivity did not decrease in the later samples. As i n  injecrion 6 .  the  pH of t h e  samples 

decreased with time; the final samples showed pH’s of approximately 11. 
The chemical and radiochemical analyses of selected samples are shown in Table 8.5. As 

was observed in the flowback from injection 6, the chloride coctent was high. The !ast two 
samples included in Table 8.5 are O€ liquids from laboratory tes ts  of phase separation with 
slurries obtained from the fracturing plant during injection 7 .  Note the absence of chlorides 
i n  these solutions, thus verifying the earlier conclusion that the chlorides must have originated 
in the shale  Eormation. Note again the comparatively high nitrate concentrations, indicating 
that some of the flowback must have come from the injected wa5te slurry. 
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Fig, 8.11. Flow Rate and Cumulative Volume of Flowback with  Time. 

The total amount of 137Cs in the flowback from injection 7 was 0.8 curie, or less than 0.1% 
of t h e  total 137Cs injected. Based on the average concentration of "Sr in samples taken to 
that s tage,  approximately 0.2 curie of "Sr was returned by the time 11,000 gal of flowback had 

accumulated. However, the "Sr concentrations gradually increased with time, so the total 

amount returned w a s  probably more than 0.2 curie. If w e  extrapolate t h e  apparent rate of 
increase over the last 10,000 gal of flowback and calculate the total amount of "Sr returned, 

it appears that an additional 0.3 curie may have flowed back. Even if a total of 0.5 curie of 
"Sr flowed back, it represents only about 0.1% of that injected. 
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Tab'i 6.5. Oleaicol and Rodiodromicol Composition of Pfowback from Injection 7 

Nuclide Concentration 
(dis mrn- ml-  ') 

Concenttabon (M) Sample 

137cs 9OSr i0dRu OCO 
No. Na' Ca2+ C1' NO,' So," COS2- 

Y loJ 

1 0.46 0.015 
2 0.53 0.024 
3 0.63 0.038 
4 0.66 0.042 
8 0.74 0.048 

10 0.080 0.064 
25 o m  0.083 

Tank wasteb 0.94 0.000 
7. _ _ _ _  L - _ _ _  * _  b n q f i  n nnn 

0.28 0.17 
0.38 0.18 

o..ra 0.18 
0.53 0.19 
0.61 0.19 
0.69 0.19 
0.83 0.20 
0.012 0.64 
n nrro n nr 

Q. 007 

0.008 

0.010 
0.01c 
0.006 

0.008 

0.00; 

0.096 
n _.-+A 

0.004 2.27 
G . 0 0 4  2.22 
0.003 2.32 
0.002 2.38 

0.003 2.16 

0.002 2.48 
0.001 7 . 7 1  
0.06 1.35 
.-, -9 .. _ m  

io4 lo4 

0.51 0.024 
0.54 0.027 
0.52 0.033 
G.66 0.018 
0.88 0.032 

0.93 0.026 
1.19 0.02s 

0.035 2.28 
n r -  r A- 

x io4 

0.01 
0.018 
0.006 
0. GOO 
0.000 

0.000 

0.000 

2.09 
?. -- 

L . J /  u.u3w U.UL V.UL i r enc~z~  w a a r e  U . L Y  L.VVU U.UVO U . U I  V.WUU u.ua 

- 
%ample Dumber refdrs t o  day of snmpling after the wellhead valve -a5 opened mitlally. 
bThese are samples from phese scparahon tests conducted in the laboratory. 
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PHASE SEPARATION STUD1 ES 

Laboratory Tests 

During late s tages  of the mix development program, when emphasis was being put on low- 
solids-content mixes, we began to suspect that the shear imparted to slurries prepared by 
API techniques in the laboratory did not correspond to the shear imparted in the fracturing 
plant. If this  w a s  indeed the case ,  then our laboratory t e s t s  of phase separation were 
meaningless, or largely so. 

In preparing test slurries in the laboratory, two conditions in the fracturing plant supposedly 
were being simulated. First ,  conditions in the je t  mixer were being simulated by adding dry 
solids to the waste solution over a period of 15 sec while the Waring Blendor was rotating at 
“slow” speed. Second, to simulate conditions of flow through the high-pressure piping in the 
plant and down the injection well, the initial mixing was followed by rotating the Waring Blendor 
for 35 sec at  “high” speed. The API procedure specifies “4000 rpm or greater at no load on 
‘slow’ speed and 10,000 rprn or greater at no load on ‘high’ speed.” Our Blendor was found to 

rotate at 5200 rpm on slow speed and at 10,560 rpm on high speed. We were concerned about 
this because large differences in the degree of phase separation in  laboratory slurries were 
being observed, depending on the speed at which the Blendor was rotated. 

Three samples of slurry were taken f rom the fracturing plant during injection 6 and brought 
to the laboratory. The samples were stirred for 35 sec at either 5200 or 10,560 rpm. The  first 
sample, whose bulk density equaled the specified value of 11.7 lb/gal, was stirred at  10,560 rpm 
and showed no phase separation. The second sample was stirred at 5200 rpm and showed a phase 
separation of 29%. However, its bulk density indicated that the slurry was low in sol ids  by 
approximately 10%. The third sample, low in solids by about 5%, was stirred at  5200 rpm and 

showed a phase separation of 22% Slurries prepared in the Blendor which were low in solids 
by 10 and 5% showed phase separations of 7 and 5%, respectively, when stirred at 5200 rpm. 
The higher phase separations in the plant slurry were therefore ascribed to a shear that was 
even l e s s  than that imparted by the “slow” speed of the Waring Blendor. 

The volume of flowback from injection 6 represented a 26% phase separation, based on the 
64,000 gal injected. Laboratory tests of slurries prepared with samples of the dry solids blend 
from the  plant’s storage bins showed a phase separation of approximately 25% when tho slurries 
were stirred for 50 sec at 4000 rpm. This agreement is remarkably good but probably fortuitous. 

The mix formulation for injection 7 w a s  based on laboratory tests of phase separation with 
slurries prepared in  a different manner. Here we added the sol ids  to the solution in the Blendor 
for 15 sec while stirring at 4000 rprn. The slurries were then stirred for an additional 35 sec at 

the same speed. The mix specifications (soiids/liquid ratio and buik density) were varied 
according to the different compositions of waste solutions in the storage tanks and in  the 
emergency t rench ,  and according to :he different dry soiids blends in bins 1, 2, 3 ,  and 4. The 

solids/liquid ratio varied from 7 to 9 lb/gal, and the corresponding bulk densities ranged from 
11.75 to 12.00 lbigal. 
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The volume of flowback from injection 7 (20,500 gal) represented a 24% phase separation, 
based on the 84,510 gal injected. However, due to  the enatic performances of both the flowmeter 
and the Densometer during this injection, the actual solids to liquid ratios achieved, except for 

one brief interval, were substant ia ly  below those desired, 10 to 15% lower. Hence the actual 
phase separations were probably more nearly 9 and 14% respectively. 

1ntwpretc.tion of Flowbock Results 

The conductivity of a solution is F )  function of the dissolved ion concentration of the solution. 
The flowback from both injections 6 and 7 contained considerable salts. Inspection of the data 
suggested that the conductivity of the flowback fluid might be related to the sodium concentration 
since sodium hydroxide and sodium nitrate constitute the bulk of the dissolved salts .  The 
relationship of the conductivity to  the sodium concentration is shown in Fig. 8.13. The slightfy 
higher nitrate concentration in  the flowback from injection 6 is explained by the fact that the 
waste solution injected was approximately 3 x .  The relatively high concentration of chlorides 
in the flowback from injection 7 suggests that the injected grout did not occupy the same 
fracture as the  grout in injection 6; if i t  had, one would expect the chloride content in both 
flowback fluids to  be approximately the same. The gradual increase in the chloride concentration 
of the flowback from injection 7 may be an indication that the injected grout followed the fracture 
of injection 6 initially and then later created a new fracture. 

The 90Sr content in samples of flowback from both injectioas appeared to increase with time. 
This indication was much stronger in the flowback from injection 7 than in that from injection 6, 
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Fig. 8.13. Conductivity Qf flowback from Inioetionr 6 and 7 o s  a Function of Sodium Concentration. 
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A possible reason for this may be found in the lower pH of samples taken i n  the late s tages  of 
flowback. With a decrease in pH, the solid hydroxides of calcium and strontium would dissolve 
and therefore would more likely be released with the flowback fluid. Recall that the addition 

of pozzolan (fly ash) was to decrease the “free” calcium hydroxide content; this reaction occurs 
rather slowly, and there may not have been enough time for the reaction to take place during the 
flowback intervals involved (60 to 80 days). 

CONCLUSIONS 

During injection 6, two separate incidents caused contamination of the cells. Both in the 

mixer cel l  and in the wellhead cell ,  decontamination was accomplished and repairs were made 
without exceeding the weekly permissible radiation dose to operating personnel. T h e  highest 
radiation exposure to  cleanup personnel involved in cell decontamination was 30 m. 

It was also necessary to make repairs to the pump during this  injection. The  general 

background with the heads off the pump was 20 mr/hr; the  radiation inside the pump ’was 1 
rlhr. One mechanic received an exposure of 20 mr, and the other received 10 mr. These 

levels show that direct maintenance on the injection pump i s  feasible with wastes whose 
activity is approximately 0.1 curie/gal. 

Injection 6 demonstrated the ease with wluch an injection can be halted, repairs made, 
and the injection resumed. This was done twice during the injection; i n  both instances the 
injection was resumed without difficulty. 

Several conclusions concerning mix formulation may be drawn from the results of injections 
6 and 7 .  First ,  the dry solids content of the slurry should be  approximately 10% higher than the 
minimum necessary to prevent phase separation. Using a 10% higher solids to liquid ratio 
(thickening t i m e  to be adjusted with DGL) allows for a possible 10% decrease in mix proportioning 
with either the Densometer or the mass flowmeter, or both. Second, pozzolan is a good additive 
for the mix  i f  it i s  obtainable in a perfectly dry state. During injection 7, the flow of solids from 

the bins to the jet mixer was extremely smooth when the pozzolan was dry. Third, even with 
phase separation a s  high a s  35%. over 99% of the injected radioactivity will remain in the s e t  
grout. Finally, the high concentration of chlorides in the flowback suggests that their eFfects 
on mix formulations should be investigated. 
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9 .  Operational Injections ILW-1 and -2 

When injection 7, the last experimental injection, was made in August 1965, the Laboratory's 
new waste evaporator plant was under construction but not yet completed; so the fracturing plant 
-.vas put in standby. 

Arrangements were completed by May 1966 for the Operations Division to assume responsibility 
for the fracturing plant. Thereafter, they were to use  the plant for the routine injection or dis- 
posal of the Laboratory's intermediate-level waste. We in the Health Physics  Division were to 
a s s i s t  in performing these injections, being concerned primarily with mix formulations, with the 
underground distribution of injected grout sheets ,  and with the effects of repeated injections on 
the cover rock. k very important question remained concerning the application of hydraulic 
fracturing for waste  disposal: What is the life expectancy of the well, or, in another way, what 
is the capacity of the disposal formation? The answer to thls question could be obtained as 

well by observing the effects of real waste injections as by observing continued injections of 
synthetic wastes. 

To understand the implications of the  decision to use the fracturing plant for actual disposal, 
i t  is necessary to review the earlier history of the management of these wastes.  During the las t  
years of World War 11, the Laboratory first started reprocesstng fuel elements from the Graphite 
Reactor, primarily to remove plutonium, and this apetation produced what we class as an Inter- 
mediate-level waste. 7711s waste was neutralized with sodium hydroxide and stored in a ser ies  
of concrete tanks lined with mild steel .  Most of these tanks were built in 1943. They have a 

combined capacity of about a million gallons and had an estimated life, when built, of about 

20 years. The neutralrzation produced precipitates, largely tron and aluminum oxides and hy- 
droxides, which contained the greater part of the fission product strontium as carbonate and 
some of the other fission products in one form or another. The supernatant liquid, however. 
contained the bulk of the fission products cesium and ~ t h e n i n r n .  Providing tank capacity to 

store these wastes was expensive, and about 1950 an evaporator was built to reduce their 
volume. N o  great care was taken in the design of this evaporator, however, as at  that time 
few people believed the Laboratory waufd continue to operate the waste-producing facilities 
for more than a very few yea r s  at mos t .  Consequently, the evaporator used large amounts of 
steam and was very expensive to operate. 

'This ident~fication of miectaons dlffers from thai previoasly used to identify the expenmental inlec- 
ttons. Rtcogntring the unpottonce of recording operational in1ections dmtmctly, the Operauons Division 
chose to Ldentfi each vrjsction of Intermedlote Level Waste as &W-1 ,  ILW-2. etc. 
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In 1952 the Laboratory started to dispose of the neutralized intermediate-level liquid waste 
into earth seepage pits, and in 1954 the evaporator was no longer required and was dismantled. 
The wastes were s t i l l  neutralized, however, and most, but not all, of the sludges formed remained 
in the tanks. 

In 1958 it was generally agreed that disposal of the liquid supernatant and some of the en- 

trained sludge into surface seepage pi t s  left something to be desired. In 1959 and 1%0, certain 
very real problems developed with the seepage pits; later, in 1961, seepage pit 6 sprang a leak 
the first time it was filled and had to be taken out of service. Seepage pit 7, built in 1%2, was 
usable but far from satisfactory, and it was obvious that some other, better system would have to 

be found to handle the supernatant from the neutralized intermediate-level waste. 
About 1963, therefore, a decision was reached to build a new and more efficient evaporator; 

this went into service in the summer of 1966. The original plans €or the new evaporator called 
for tanks in which to store the concentrated waste, because in 1963 the feasibility of safe dis- 
posal by hydraulic fracturing had not yet been proven. Following injection 7, however, serious 
thought was given to converting the experimental plant into an operating facility, and in 1966 a 
decision was reached to go ahead on this basis. Consequently, a thorough review of the plant 
was made by several Divisions a t  the Laboratory (including the Operations Division, which was 
now responsible for the plant) and by the Halliburton Company. Many seemingly minor modifica- 
tions and improvements were made, but in total they greatly improved a l l  phases of the plant 
operation. 

UPGRADING THE FRACTURtNG PLANT 

Most important was the need to  increase the waste storage capacity at the plant s i te ,  which 
was only about 40,000 gal. To this end, two surplus tanks, with a combined capacity of 47,000 
gal, were located at  the Y-12 Plant. These tanks were refitted for waste  storage by ORNL shop 
forces and turned over to the local construction contractor for installation and connection to the 
existing svstem. Figure 9.1 is a photograph of the completed tank farm a t  the fracturing plant. 
The locations of the five tanks can be gaged by the locations of the nozzles or “manholes,” 
four of which are clearly visible; the fifth is behind the flowmeter rack in the middle of the 
picture. To the right of the photo are the TBP metering pump and storage drums, the valve pit,  
ana rhe waste pumphouse; also visible in  the background is a new substation designed to in- 

crease the amount of electric power at the site. 

Another significant improvement was realized with the purchase and installation of the 820- 
it3 weigh tank shown in Fig. 9.2. This simplified the dry sol ids  blending system and eliminated 
the extra manpower required to weigh the cement and fly a sh  a t  the cement plant. This modifica- 
tion, together with Halliburton’s improvement of both the Densometer and the mass flowmeter, gave 
much ber:er control over the proportioning of solids to liquids during the two operational injections. 

Other major improvements included the upgrading of electrical power service (mentioned 
above), the installation of a separate off-gas system for the surge tank, a new process water line, 
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Fig. 9.1. Viow of the Wostr Storage Focilit irs.  

and replacement of a plastic section in the waste transfer line with s ta inless  steel. The existing 
2400-v power service was inadequate, causing the pump motors to overheat during long periods of 
operation. A more efficient off-gas system for the surge tank was needed to reduce the possi- 
bility of airborne releases to plant environs from the elevated concentrations or’ activity expected 
in evaporator concentrate- Plant modificatlons were completed wlth the Instailahon of a shelter 
for the main injection pump and paintmg of the solids storage blns and much of the rest of the 

plant. 
It may be appropriate here to record other improvements to be added later as funds become 

available. They include: 

1. 

2. 
3. 
4. 
5 .  

a n  equipment storage building with a permanent change house, 
one 3500-ft’ bulk clay storage bin to elimxnatc handling bagged clay materiah,  
radiation detectors in each cell to  detect leaks as quickly as possible, 
a duai stralner in the waste line ta the suctlon s lde of the waste pumps, 
check valves in the process water lines to elrrnrnate or rnlnimrze the posslbility of waste 
solutions entenng the process water system. 



Fig. 9 . 2  Visw of the Weigh Tank. 

The first ILW injection was finaily scheduled for December 12, 1966, and Halliburton was 
asked to provide a maintenance crew several days in advance. The plant had not been operated 
for 15 months, strongly suggesting the possibility of equipment failure and the need for a detailed 
plant checkout. 

WASTE COMPOSITION AND MIX FORMULATION 

Waste Composition 

AS is customary before each  iiijection, waste samples were taken from the evaporator-con- 
centrate storage tank, located in the south tank farm of the main Laboratory area,  and were ana- 
lyzed for chemical and radioactive constituencs. These samples were aiso used to develop the 
mix formulations in the laboratory beforehand, so that the bulk solids could be blended according 
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to the fixed proportions of dry solids and so that the slurry properties could be determined. The 
chemical and radionuclide contents of the wastes injected in ILW-1 and ILW-2 are shown in 
Tables 9.1 and 9.2. 

Table 9.1. Chemicoi and Radionuclide Content of Wasre Disposed Of 
in Injection I I W - 1  

ILW-1A LLW-1B 

Chemical  concentration (M) 

Sodium hydroxide 
Sodium nitrate 
Ammonium sulfate 
Aluminum su l f a t e  
Sodium chloride 

0.05 0.02 
0.7s 

0.15 
0.04 
0.0s 

0.51 
0.09 
0.04 
0.04 

Sodium carbonate 0.04 0..01 

90% 11 38 

"*Ru 1 3 
6Oco 16 3 

Radionuclide content (curies) 

l3'c5 11,500 7600 

144Ce 20 13 
c 

Tablo 9.2. Chemical and Rodionuelido Conwnt of Waste Disposed Of 
in Iniection ILW-Y 

ILW-ZA ILW-28 

Chemical  concentration (.%I) 
Sodium hydroxide 
Sodium nit rate  

9.06 
1.00 

Ammonium sulfate ND 
Aluminum sulfate  ND 
Sodium chloride ND 
Sodium carbonate  ND 

ND 
ND 
ND 
ND 
ND 
ND 

Radionuclide content (curies) 
9% 5 6 4  174 

06Ru 99 83 
6 o c o  236 199 

137cs 31.329 26,350 

144Ce ND ND 

.ND = not determmsd 
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Mix for Injection ILW-1 

This slurry had the following composition and properties: 

Composition 

Densi ty  

Volume 

Viscosi ty  

Water separat ion 

Fluid loss 

Pump in g time 

Compressive s t rength 

Density of site was te  

Densi ty  of laboratory w a s t e  

lMaterial c o s t  

Evaporator concentrate  w a s t e  
400 ppm TBP 
2.22 Ib portland cement  (type 11) per  gal lon of w a s t e  
2.22 Ib Kingston fly a s h  per  gallon of w a s t e  
1.00 lb Attapulgus 150 per  gallon of w a s t e  
0.57 Ib Grundite per gallon of w a s t e  
0.003 Lb CFR-1 per gallon of w a s t e  

11.5 lb per  gal lon of waste  
11.6 Ib per gallon of water 

1.35 gal per gal lon of waste 

8 p o i s e s  

070 

225 ml in 30 rnin (100 p s i  t e s t )  

7 hr a t  89'F 

Not determined 

1.0746 g / c m 3  a t  23'C 

1.0787 g,1crn3 a t  25'C 

5.9 c / g a l  

Mix for Injection ILW-2 

The mix for this injection was unique in that the retarder (delta gluconolactone) (CFR-1) was 

omitted for the first time as a test of i t s  effect on the phase separation problem currently under 
study. This slurry had the following composition and properties: 

C ornp os i tion 

Density 

Volume 

Viscosi ty  

Water separat ion 

Fluid loss 

Pumprng tme  

Compressive s t rength 

Materle1 c o s t  

Evaporator concentrate  was te  
400 ppm TBP 
2.30 Ib portland cement  ( type II) per gallon of w a s t e  
2.30 Ib Kingston fly a sh  per gallon of waste  

1.05 lb Attapulgus 150 per gallon of w a s t e  
0.59 Ib Grundite per gallon of was te  
N O  CFR-1 

11.7 Ib per gallon of w a s t e  

1.34 gal  per gallon of was te  

10.0 po i ses  

3% before se t tmg;  1.5% af ter  s e t t i ng  

Not determmed 

I ,2 hr a t  65°F 

Not detcnnlned 

6.1 o/gal 

>'I. 
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INJECTIONS ILW-lA AND -18 

Prrliminory Pnporations 

Approximately four days were required to weigh and blend the dry solids. The four storage 
bins will hold about 800,000 lb of blended dry solids, enoxgh for about 120,000 gal of liquid 
waste. About 590,000 Ib of solids, containing 160,000 lb of portland cement (type Il), were 

prepared for this injection. 
A s  the dry solids were being blended, ILW waste was transfermd from the south tank farm to 

the fracturing plant site via the waste transfer line. Prior to the transfer, the l ine m s  tested 

with water pressure to check for leaks; this procedure is always followed prior to each injection. 

Reslotting the casing was unnecessary, s ince i t  was planned to inject into the same slot at 
872 f t  used for injections 6B and 7. 

Since the two additional waste s t o q e  tanks were not yet ready for service, the injection 
was performed in two parts on consecutive days, December 12 and 13, 1956. To inject approxi- 
mately 80,000 gal of waste, the procedure was as follows: As soon as  the first of the three 
available tanks at the plant s i t e  was empty, more waste was pumped to it from the south tank 

farm so that al l  three tanks would be refilled by the next day. 
Beginning at 9:OO AM, the first injection, ILW-lA, was  started by pumping about 200 gal of 

water to open the slot. From 9:04 AM to  12:15 PM, 37,440 gal of waste, or 53,400 gal of slurry, 
was injected, a s  shown in Fig. 9.3. Control of solids/liquid proportioning wag by the mass 
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Fig. 9.3. Wosta and Slurry V o l u w s  Pumped During Injoctien ILW-1A. 



flowmeter and was fairly steady, as shown in Fig. 9.4. Deviations i n  slurry density occurred 
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while changing the solids from bin to bin. The injection pressure and injection rate are shown 
in Fig. 9.5. It was estimated that about 250,000 lb of solids had been used, leaving approxi- 
mately 184,000 lb for the next day. A t  the end of the run, about 600 gal of fresh water  was cir- 

Fig. 9.4. Solids,’Liquid Proportioning During lnjecfion ILW-1 A. 

Fig. 9.5. Injection P r e s s u r e  and lnisction Rata During Inlaction ILW-1 A. 
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culated t h g h  the plant to clean all fluid lines and the Densometers and was pumped into the 
well to overdisplace the radioactive grout. Then the well was closed in. 

Injection ILW-lB, comprising about 26,000 gal of waste or 35,000 gal of slurry (Fig. 9.6), 
was completed on Dtcembtr 13. Thelplslnt operated smaothly, and the Densometer and mass 

flowmeter appeared to do a good job of proportioning the preblended solids to the liquid waste 

(Fig. 9.7). Injection prossuw and rate were about the same as the previous d a y  (Fig. 9.8). 

ORNL-DWG 67-4Qn9 
I 

TIME ( m i d  

Fig. 9.6. Waste and flurry Volurnsr Pumped During Injoction ILW-18. 
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Fig. 9.8. Inieetion Pressure and [nieetion Rata During Injection ILW-1 B. 

In assessing the overall performance of the plant during these two injections, i t  is iinportant 
to record the fact that we were able to obtain dry fly a s h  for the first time. 

INJECTION ILW-2A 

P re 1 i m i no ry P re pa mti ons 

The s lot  a t  872 ft, which contained injections 68, 7, ILW-lA, and ILW-IS, w a s  sealed with a 

cement plug on April 18, 1967. The plug was set with the HT-400 waste injection pump, s ince 
the Halliburton standby pump truck usual!y used for this operation had been delayed by a broken 
drive shaft. Three percent calcium chloride was  added to the cement, and the plug was tested 
the nexf day and found to be tight. A new slot  was cut a t  a depth of 862 ft ,  and the fracture 
w a s  initiated with 560 gal of water a t  a pressure of 2500 psi. 

Solids were blended, and 585,310 lb were stored in the bins and 147,230 lb i n  the three P 
4 

tanks. The solids in the P tanks were transferred to the bins as soon as space  was available, 

Injection 

The standby truck arrived a t  1 PM, April 20, and was immediateiy connected to the fresh water 
supply at the HT-400 pump cell. The  well was broken down at 1:45. The pump operator noted a 

breakdown pressure of 3300 ps i ,  as compared with only 2500 psi required to initiate the fracture 
on the previous day. This higher pressure is believed to have been a brief transient, because 
the pressure as measured somewhat more reliably on the annulus of the injection well reached 
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only 2450 psi. The injection was completed in 7% hr at an average pumping rate for the slurry 
which varied from about 250 to  300 gpm. The injection pressures, as measured a t  the wellhead, 
varied from about 1800 to 2000 psi. There was one brief halt after about 80 min when the flow 
was shifted from one waste tank to another (Fig. 9.9). 

A total of 81,400 gal of waste and 2000 gal of wash water were mixed with a total of about 
500,000 lb of solids out of the 732,540 lb on hand to give 121,805 gal of slurry injected. This 
was only about 6 lb of solids per pUon of liquid waste instead of 6.25 Ib, the intended iatio. 

This chaage in the proportion of solids to liquid in the mix as injected c a m e  about a s  fol- 
lows. For all  the experimental injections and the first operational injections, the pumping time 
of the mix was determined at 89*F, the standard tempemture for the so-called API  1OOO-ft 
schedule. However, the shale at depths of about 900 ft a t  the disposai plant site is known to 
have a temperature of M°F, and beqnning with injection ILW-U, the pumping times were meas- 
ured at this temperature. This lower test temperature extended the pumping time sufficiently so 
that the retarder, delta glumnolactone (CFR-1). could be omitted, and still the mix had a pump- 

ing time of 7% hr. Only about 0.003 lb of CFR-1 per gallon of waste had been used in the pre- 

vious mixes, so that no thought was givtn to the possibility that its omission would materially 
change any of the other physical propertics of the mix. However, when injection I L W - 2 A  was 

started, the mix  was found to be almost too viscous to pump, and it w a s  necessary to reduce 
t he  ratio of solids to only 6 Wgal; even at this concentration the viscosi ty  of the slurry was 
believed the  highest of any of our injections. The average pumping pressures were from 1800 
to 2000 psi, at rates of fiom 250 to 300 gpm, whereas for injection L W - l A  the injection pres- 
sure was about 1600 psi  at a rate consistently as high as 300 gpm (Fig. 9.S). 
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The reduction in solids raised some doubts as to the possible separation of a fluid phase 
from the grout in the fracture, but bleedback from the injection well following injection ILW-2B 
amounted to only 6000 gal in 2'; months, from a total slurry volume of about 400,000 gal. 

The  unexpectedly high viscosity was responsible for, or a t  least  contributed to, another 
event which marked the ILW-2 injections. Following the injections the  several  observation 

wells were logged and activity was found in two of them, wells NW 100 and S 100. Well S 100 
was found to be plugged with hardened cement, and the  logging probe would not go below 879 ft, 
about thedepth at which the fracture initiated in the injection well a t  a depth of 872 ft should 
have intersected it. The  point of failure in well NW 100 could not be placed accurately but was 
a l so  a t  about 870 ft.  There can be little doubt that  the two weIls, tightly cemented into the 
shale  above and below the plane of the fracture, were pulled apart when the  overlying rock was 
uplifted; s ince the slurry injected on this occasion was particularly viscous we may surmise that 
the hacture was wider than usual. This  type of failure had been anticipated, and all of the deep 
observation wells are valved shut a t  the surface while a n  injection is in progress. 

INJECTION ILW-28 

A total of 285,000 lb of solids was mixed on April 21  and 22 and added to the estimated 
230,000 Ib left over from ILW-2A, giving a total of 515,000 Ib. About 67,000 gal of waste was 
pumped from the Laboratory area to the waste storage tanks at the disposal plant. 

Injection ILW-2B was started a t  8:30 AM, April 24, 1967, and was completed in 7'; hr. There 
was only one brief halt to clean the strainers between the waste storage tanks and the low-pres- 
sure pumps. A similar problem was encountered with the viscosity of the mix, and the proportion 
of solids to liquids was again reduced from 6.25 to 6.0 lb/gal. 

A total of 64,345 gal of waste and 15,455 gal of water were mixed with 515,000 lb of solids.  
The solids were mixed with :he water a t  a ratio of over 7 Ib/gal in order to use up the remining 
solids,  because if sol ids  are  left in the bins more than a few weeks, they will set up. The total 
slurry injected in ILW-?B was 108,600 gal (Fig. 9.10). 

The total slurry volume injected in both ILW-2A and -2B was 230,405 gal. The slurry con- 
tained 58,500 curies of cesium, LO50 curies of strontium, 442 curies of cobalt, and 194 curies of 
ruthenium. At the conclusion of the work the s lot  a t  862 ft was overdisplaced with water so that  

injections ILW-3A and ILW-3B could be made into it. 
In checking the equipment after the injection had been finished 2nd the plant washed down, 

it was found that the tanks and the pump in the standby truck were slightly contaminated. In- 

vestigation showed that activity from the waste l ines in the disposal plant had entered the lower 

ends of one or more of the fresh water lines used to clean out the slurry from the mixing and 
pumping equipmenr. Luckily i t  was possible to  decontaminate the truck, and the piping at the 
p i a n t  has been modified to make a second such occurrence impossible. 
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Fig. 9.10. Injection Prossure and fniertion Roio During Injection ILW-23. 

LESSONS FROM INJECTIONS fLW.28 AND -2B 

Although the two injections were made with a minimum of difficulty, several persistent minor 

More work needs to be done on mix formulation, not so much to reduce cost or to improve i t s  
troubles d e a r l y  remain to be solved, 

quality as to take into account the  practical problems of controlling the proportion of solids to 
liquid. Now that dry fly ash can be obtained, the mixing of the dry ingredients offers no serious 
problem, and the new weigh tank has appreciably reduced the labor involved. The Iiquid waste 
feeds to the mixer properly except when the filter in the feed line from the tanks plugs, and this 

problem has recently been greatly eased. But the control of the proportioning of blended solids 
to Liquid waste still remains a problem. Although two Densometers have been installed so  that 
one may be washed out and recaiibrated while the other IS in use, in practice t h i s  has not solved 

the problem. These instruments need to be easily accessrble, but they must be well shielded 
(and thus inaccessible) because highly radioactive slurry is circulated through them. The 
viscous slurry in injections LW-2A and -2B could not be washed out of them, even with acid. 
The mass flowmeter, also, does not retain its calibration. This  is no reflection on these in- 
struments, for, when the plant is operatmg, every mmute 3; ton of sollds arc  mixed with some 
250 gal of radioactive liquid in what is of necessity a shielded and relatively inaccessible cell. 
Probably the control of the proportioning can be improved, but it can never be exact. 



In light of this difficulty i t  would seem wise t o  try to develop mixes which would still be 
satisfactory even though the slurries injected departed appreciably from the optimum proportions. 
The problem a t  present appears to rest on the fact that if the m i x  is slightly too rich in solids, 
it wi l l  be too viscous to pump properly; if  it is too low in solids, there may be separation of a 

liquid phase before the grout has set up solid in the fracture. In general, additives which reduce 
the viscosity also promote phase separation and may also extend the pumping time. The relation 
between viscosity, phase separation, and pumping t ime  needs to be investigated. We also need 
some basis  for determining how important it is to avoid all phase separation and how to relate 
phase separation as measured in the laboratory with the phase separation that takes  place under 
high pressure in the fracture deep underground. The core drilling tentatively scheduled for the 
spring of 1%8 may shed some light on these problems. 
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IO. Subsurface Distribution of Fractures and Grout Sheets 

SUBSURFACE GEOLOGIC STRUCTURE AT THE PLANT SITE 

The information presently available on the subsurface geologic structure a t  the site of the 
fracturing plant comes from the seven wells which have been drilled to the Rome-Conasauga 
contact. Five of these wells a r e  NX core hoies. One, the j o y  well (see Fig. 7.141, was cored 
from the surface to a depth of 3263 ft, well into the Knox. The other four, wells S 100, NW 100, 
NE 125, and N 100, were drilled down to the top of the Rome following injection 5. These four 
wells were cored from a depth of about 800 ft, which is b u t  sea level, to the Rome contact 

a t  about 240 ft below mean sea level CMSL). The other two wells, the injection well and well 
N 1.50, were drilled during the construction of the plant largely by cable tool and were appreci- 
ably larger in  diameter than the NX core hoies. For this reason it was possible to make neutron- 
gamma logs of these wells; however, because of the method of drilling, no cores were recovered. 

The best information on the subsurface stratigraphy is found in h e  gamma-ray logs of the 

welis, which in every case were rtlll from the land surface to the bottom. Figure 10.1 shows 
these logs from MSL +400 to -250 ft. The log of well S 100 is not shown below MSL -100 be- 
cause the well was contaminated by activity from t h e  grout sheet penetrated at this depth, and 
portions of the log of well NE 125 are rmssing for the same reason. In thesecases the cores 
were used to locate the Rome-Conasauga contact, and where cores were available they were 
used to confirm the location of the contacts in the other wells. 

The gamma-ray logs show the natural radioactivity of the rock, whrch is due to the presence 
of potassium, thorium, and uranium. These elements are all relatively abundant in the shale 
or other clay-rich beds (pen moves to the right) and low in &e limestones and sandstone. The 

features of interest in the logs are the Conasauga-Rome contact, the “three beds of limestone” 
whrch mark the contact between the red shale (Ptlmpkin Val ley)  member of the  Conasauga and 

the gray shale  (Rutledge) member, and a few prornlnent limestone beds in the gray shale (A, B, 
and C) which can be correlated over short distances by inspection of the logs. It is not possible 
to correlate individual beds in the red shale, even between we l l s  less than 100 ft apart. 

The logs of the seven wells are a t r a n g 4  in Fig. 10.1 with the *‘southernmost” on the left 
and with the wells to the right progressively further “north,” using the directions of the plant 
coordinates. in which “north” is 34” 12’ 51 “west  of true north. This is convenient, s ince 
plant “north” is directly updip on the  regional structure. Th+e dip in this general area is a b u t  
20° to the south, and as the well logs span a north-south distance of 350 ft, the contacts should 

185 
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Fig. 10.1. Gamma-Roy and Neutron-Carnmo Logs Showing Deep Subsurfacs Geologic Strucfure at Plant Sit.. 

be about 125 ft higher in the log of wel! N 150 than in the log of well S 100. This is clearly 
not the case, and the principal contacts and the few beds correlated in the gray sha le  are all 

at very nearly the same elevation. The structure i n  the area covered by the wells must be very 
nearly horizontal. The possible exception is the dight ly  deeper position of the three limestone 
beds in the Joy well, but this appears to result from the red shale  being somewhat thinner at 

this point. However, the bedding as seen in the cores has a dip which averages about 10'. The 
cores are not oriented, and it is possible that some of these dips are to the north and some to 

the south. The Joy well, the injection well, and wel l  N 150 have been surveyed and depart no 
more than lo from the vertical. A l m o s t  certainly the beds in the area of interest are essentially 
horizontal but IocalIy have dips  of 10 to 20° and even more where deformed by very small folds. 
Therefore, if the fractures and the grout shee ts  follow the bedding, they should be very nearly 
horizontal. 

The neutron-gamma logs from the injection well and well N 150 are of interest for a some- 

what different reason. "lese logs are made with a probe which contains a neutron source and, 
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about 18 in. above i f ,  a gamma-sensitive detector which records the log+ The source is shielded 
from the detector, which “sees” d y  gamma rays which are formed in the wall rock by the 
capture of neutrons. The neutrolw w h n  emitted are too fast to be easily captured, but they 
are slowed down or moderated in the toek to thetmal velocities, after which t h y  can be captured. 
By far the most effective element in moderating the neutrons io hydrogen, which is present in 
smai! quantities in di the rocks. Howevet, the &des are relatively rich i n  hydrogen, for the 
clay minerals contain combined water, and these rocks moderate a large proportion of the 
neutrons near the source, where they are captured; and, as this is sanewhat distant from the  
detector, few of the resulting gammas reach it. The shales and other clay-rieh beds consequently 
appear in the neutron logs a s  lotus (pen moves left), and theneutmn log is themirror image of 
the gamma log, as seen at points A-A‘, S-S: and C-C ‘. The rocks have very low porosity and 
virtually no f r e e  water. 

The neutron log highs at D’ and E ’ require further explanation, fot they do not correspond 
to  lows in the  gamma logs. Thy are believed to be due to the presence of chlorine, €or sodium 
chloride is present in high conantration (up to 30,000 ppm) in some of the water pumped into 

fractures in the red shale  and then recovered. Chlorine ha5 by far the largest capture cross  
section of any of the elements commonly present in rocks, and the gamma raysresulting from 
capture are relatively penetrating. Therefore, in tfie absence of water, with its abundant 
hydrogen, which would moderate the neutrons close to their source, the salt produces a high on 

the neutron-gamma log. Whether tho two points lettered D ’ and the two lettered E ‘ represent 
the same bcds is uncertain. Samples of the red shale will be analyzed for salt the next time 
cores ate available. 

CONSTRUCTION OF OBSERVATION, OR LOGGING, WELLS 

By “observation weils” in this report we will mean wells used for gammsray loggmg 
carried Out to locate t he  grout sheets. Each of a group of we l l s  is logged subsequent to each 
wasteinjection, and new gamma-ray peaks in the logs indicate that the new fracture has inter- 

sected the well in question at the depth indicated. The prototype of these wells was well N 150. 
This we11 was drilled in May 1%3 to a total depth of 1050 ft and eased with 2g- in .  tubing. The 

bottom 350 ft of the tubing was butt-welded to avoid the shoulders produced in the outside sur- 

face by couplings and was cemented into the shde with a rubber-base cement The rest of the 
tubing was threaded and coupled and was cemented in  with regular portland cement. The special 
treatment for the bottom part of the casing was to provide b r  the uplift of the shale above a 

grout-filled fracture. Some grout injections are known to produce multiple ctosely spaced 
parallel fractures with a total thickness of ‘/1 in., and the overlying rock is raised by this 
amount. If the casing were  tightly cemented into the shale the casing would have to rupture at the 

point where the fracture intersected it, or alternatively the cement and perhaps the shaie wodd 

have to break free from the casing; for a distance great enough that tbe casing could stretch the 
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required amount without passing the breaking point  The plastic cement was intended to yield 
and permit the movement of the wall rock past  the casing. This it apparently did, but as we 
shaH see it may a h  have crumbled. Samples of the cement, after they had set, were some- 
what plastic but could be crumbled in the hand. 

The problem of cementing in the casings of these observation wells was, on the one hand, 
to prevent rupture of the casing, and on the other hand to prevent the grout, or water squeezed 
out of the grout, €tom migrating up along the outside of the casing. Some yielding is required 
to prevent rupture of the casing, but the yielding should not produce channels which would per- 
mit radioactive materials to move up or down along the casing, for this could greatly complicate 
interpretation of the gamma-ray logs. Despite the precautions, there was considerable migration 
of activity up along the casing of well N 150, and subsequent wells were constructed somewhat 
differently. 

CHARACTERISTICS OF THE LOGGING EQUIPMENT 

The three original wells at the fracturing plant site (the injection well,  well N 150, and 
well N 200 E) were logged by the Lane Wells Company with heavy, complex equipment. A 

wide variety of logs were run, but of these the gamma-ray logs proved to be by far the most 
useful; however, as  described above, the gamma-neutron logs have certain points of interest. 
The rock density logs suggested that there might be a half dozen beddingplane fractures in the 
lower 50 ft of the red shale  immediately above the Rome, but the later coring has not confirmed 
this. The electrical logs were, as expected, of very little value. 

In the summer of 1%3 we purchased a trailer-mounted mode l  VMVA Widco logger equipped 
for both electrical and gamma-ray logging. The characteristics of this instrument arematerial 
to an understanding of the logs. 

Two probes containing scintillation detectors and preamplifiers were purchased with the 
instrument; one is 2 in. in diameter and the other is !/8 in. Their characteristics are similar, 
and both are referred to a s  probe No. 1. 

The power supply, the main amplifiers, and the recording mechanism are housed in the 
trailer unit. The amplifier has seven sensitivity ranges, from 0.001 to 0.1 mr/hr; only the 
0.02-, 0.05, and 0.1-mr/hr ranges were used in obtaining the logs shown in this report. 

The amplifier also has an adjustment labeled “Sensitivity” w h c h  can  be varied continuously 
from 10.0 (maximum response) to 0.0; at 0.0 there is still some response from the recorder. 
This sensitivity adjustment is normally used to calibrate the instrument, but since the logging 

of the grout sheets  requires coverage of such a wide range of radiation fields, after the first  
few logs n o  attempt was made to calibrate the response, and the sensitivity control was used 
in an attempt to keep the response of the instrument within usable l imits .  In any case,  once 
the normal range of the instrument has been exceeded, t h e  response is no longer linear, and 

no logging to an absolute scale is possible. 

I 

P 



189 
.. . 

, ..... . 

Tests on probe No. 1 s h d  that with the amplifier set at 0.1 m/hr a d  the sensitivity at 

0.0, the least-sensitive setting possible, a field of 1.0 m r h r  geve fuil-scale deaection; with 

a field of 10 mr/hr the crystal-photomultiplier section of the probe saturated and the pen re- 
turned to zero. In mid-I964 a less-sensitive probe was secured, No. 2, with which, at the set- 
tings indicated above, full-scale deflection resulted fmm 3.0 m r h t  and satutation, or “ID 

vmsal” of the log (marked “R” on suat of the logs), occurred at 14 m r h .  7Xis extended the 
useful range of the instrument somewhat, but with injection 7, in October 1%6, the specific 
activity of the grout sheets was such that the limits of the second probe were considerably 
exceeded, and a third much less-sensitive probe was procured. To date no logging has been 
done with the third probe. 

Other variabies in the logging are  the time! constant and the logging speed. In all the fogs 
shown the time constant was either 5 or IO sec, and the logging sped was about 10 fpm. 
Shorter time constants or even slower logging speeds do not change the character ol the logs 
materially. 

RESULTS OF LOGGING WELL N 150 

The first log (see Fig. l0.2), run in late 1963 some months after the well was drilled, shows 

the natural variation in activity in the beds of red shale. The peaks and lows shown are 2 to 
5 ft thick, about the l imit  of reliable resolution ahen logging the natural radioactivity of shales. 
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The logs in any one well, with care, are reproducible, but no correlation of beds within the red 
shale is possible between wells even less than 100 ft  apart. With the  setting shown in the 
figure the logger is a t  least  roughly in calibration, and the field varies from about 0.04 to 0.07 
mr/hr. 

Injection 1, the first experimental injection with simulated waste, contained no radioactive 
material and consequently could not be picked up by gamma-ray logging. The mix for injection 
2 was tagged with 30 curies of 19'Au Wednesday afternoon, February 19, 1964. The injection 
was first attempted on February 20; but after 6000 gal had k n  pumped into the fracture, the 
screen in the waste line between the tanks and the mixing (primary) pumps clogged, and the 
rest of the injection had to be postponed. No change was noted in the radiation field in well 
N 150 during &he first attempt. The next day the injection was resumed and an additional 
16,000 gal of "waste" was pumped into the fracture for a total for both days of 22,500 gal, in- 
ciuding wash water. Activity showed up in well N 150 during the second day of pumping. The 
log shown was made on February 24, three days after the pumping had stopped and five days 
after the 30 curies of gold had been added. The gold would have decayed through nearly two 

half-lives by this time, and only about 10 curies was present when the log was made. 
Observations made with the logger during the injection showed that the activity first 

reached the well a t  about MSL - 112 f t ,  about 20 ft above the level of the slot in the injection 
well, and that i t  then worked i t s  way up along the casing for nearly 100 ft, reaching MSL -20. 
There are peaks at - 112 ft, the observed point of first arrival, and from - 100 to - 80 ft and 
again at  -SO ft. Except for the point of first arrival, these peaks a re  believed to represent 
weak points in the rubber-base cement in which pockets of radioactive liquid collected. The 
peak activity at -50 ft represents a field of nearly 1.0 mr/hr. The fracture, therefore, is be- 

lieved to have intersected well N 150 at MSL - 112 ft, about 20 ft higher than the slot in the 
injection well, 150 ft to the south, although the evidence is not conclusive. 

Injection 3 w a s  made on Wednesday, April 8, 1964, and consisted of 54,745 gal of grout 
made from synthetic waste, clay, and cement and containing 74 curies of 137Cs and minor 
amounts of other nuclides. The injection of this  grout was followed by the injection of 10,509 
gal of nonradioactive grout for a total of 65,314 gal. No actlvity was observed in well N 150 
during the injection or when the wel l  was logged again the next day. However, when the well 
was logged on April 14, in preparation for injection 4, activity was found in the well from MSL 
- 100 to - 40. There was no peak at - 112, as there had been following injection 2, but the 

peaks from - 100 to - 90 and from - 50 to - 40 strongly resemble the peaks formed by the second 
injection. A new peak, however, was formed in the interval between MSL -70 and -60 f t .  The 
maximum field opposite the peaks of activity was of the order of 0.05 mr/hr, but in any case 

these peaks, resulting from 74 curies of 'l'Cs, were Iower than those resulting in the previous 
injection, from10 curies of gold. In part this represents themuch greater adsorption on the wall 
rock of cesium than of gold. 

' .  
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Thenext loa; was made w April 17, 1964, thee days after injection 4. 
injected was 60,144 gal, coataing SO curies of 13'Cs and minor amounts 

The total volume 
of other nuclides. 

Observations made with the logger while the injection ~RBS in progress showed that activity 
appeared in well N 150 a s  the grout wes being injected, first at MSL - 112, and within a few 
minutes hed formed peaks at - 88 and - 50 ft. These peaks had sufficient activity to saturate 
the p b e  and make the logs reverse; so the log does not dearly show the true distribution of 
the &rout. 

Injection 5,  consisting of 211,275 gal of slurry containing 143 curies of '"Cs and 4099 
curies of '44Ce, was made an May 28,1964. It did not reach well N 150. Shottiy after this date 

probe No. 2, a less-sensitive psobe, was received, and on August 28 a log made with this probe 
gave a much clearer picture of &e radiation field in well N 150. This log shows two sharp 

peaks, one at - 88 ft and another at - 50 ft. The higher of these peaks represents a field of 
roughly 10 rnr/hr. Injection 4 was made at an elevation of -108 ft, so that the fracture apparently 
had broken upward about 20 ft  between the injection well and well N 150. 

In injection 6 troubles were encountered with the mix equipment, the pump, and the well 
head, end the injection was made in two parts. Injection 6A, on May 19, 196!5, consisted of 
5670 gal of gront and en additional volume of 18,800 $ai of wash water; 6B, on May 22, con- 
sisted of 86,543 gal, largely of grout. Injection 6A was m a d e  into a slot at an elevation of 
- 88 ft and 6B into e slot at - 80 ft, which was left open at the close of the injection. The 
total activity in both parts of the injection was 1562 curies of ltrCs and minor amounts of 
other nuclides (Fig. 10.3). 
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A log made on May 19, after the grout of injection 6A had been pumped but prior to the 
injection of the wash water, showed a reduction in the activity peak at -86 ft and a possible 
slight increase i n  the peak at - 50 ft. It is improbable that any activity from this injection 
reached the well a t  -SO ft,  but we have no convincing explanation of why the peak at -88  ft 
appeared lower in this log than in the essentially identical log of August 28, 1964. 

The next log. run on May 25, 1965, after injection 6B had been completed, showed a marked 

increase in activity both at -88 ft (notemrhr  setting) and also at -50 ft, where the log shows 
two reversals. Injection 6B was made at a n  elevation of -80 ft. There is a t  least  a possibility 

that this  grout sheet  came past the observation well in a fracture a t  -50 ft; if so an important 
part of injection 4 also followed this plane of weakness. Alternatively, the peaks a t  -50 and 
- 88 ft represent weak places in the rubber-base cement in which a liquid phase from the grout 
sheets collected. 

The next log, on October 25, 1966, shows the results of injection 7. This injection, made 

on August 16, 1965, into the same slot as injection 6B, consisted of 123,411 gal of grout con- 
taining 3358 curies of 13’Cs and minor amounts of several other nuclides. The sensitivity is 
virtually the same as  the log of May 25, 1965; so the decrease in height of the peak a t  -88 f t  is 
probably genuine. Whether this is due to decay or migration of fluid i s  unknown. Three new 

peaks at - 54, - 60, and - 66 ft ,  which show up as reversals in the log, represent the grout 
from injection 7, which intersected the observation well a t  these depths. This  grout was in- 
jected into a slot i n  the disposal well at -80 ft. 

The next log, on March 29, 1967, was  made after the injectian of ILW-1, also into the slot  
at - 80 ft. This  log shows an increase in activity between - 120 and - 80 ft that is almost 
certainly due to  migration downward along the well casing of liquid squeezed out of the grout, 
and what may be a new peak shows up as a reversal of the log at -70 ft .  The accuracy of the 
depth measurements is not such that the new peak can b e  placed precisely, particularly when 
the sensitivity of the logger is so overioaded. Abaut all one can say is that additional activity 
appears to have reached the observation well in the interval between - 70 and - 50 ft as the 
result of injection ILW-I. 

In general we may conclude the following about the injections: 
Injection 2 intersected well N 150, probably at  - 112 ft, 20 €t above the point of injection, 

although activity w a s  present outside the well casing as f a r  up as -20 ft. 

Injection 3 came near the observation well, but the fracture did not actually intersect it. 
Radioactive liquid from the grout sheet had reached the %ell five days after the injection and 
appeared outside the well msing over much the same interval as injection 2, although the peak 
at  - 112 ft was missing. 

Injection 4 intersected the observation we!l and produced a new peak a t  -88 ft, 20 ft above 
the elevation at which it was injected, and greatIy increased the intensity of the old peak at 
-50 ft 

Injecticn 5 did not reach the observation wel l .  
lnjecricm 6A probably did not reach the observation well. 

. 
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Injcctim 68 probebly did each the observation well, intersecting it a t  - 55  ft, 23 ft above 

the depth of the injection. 
fnjectim 7 intersected observation well N 150 in the interval between -70 and - 50 f t ,  

also roughly 20 f t  above the depth of injection. 
ILW-I,  injected into the same slot 89 injection 7, apparently reached theobservation well, 

reinforcing the peaks between - 70 and - 50 ft; however, the record is not cleat. 

RESULTS OF LOCCfNG WELL N 100 (Fig. 10.4) 

Well N 100 is located on a north-south line joining the injection well with well N 150 and, 
as its number suggests, is located 100 ft n o d  of the injection well and 50 ft south of well N 
150. The well was drilled in August 1964, following injection 5 and prior to injection 6A. It 
was cored from about sea level down through the lower Conasauga and a short distance into the 
Rome. To our surprise no radioactive grout seams were intersected by this well, although it 
did flow salt water slowly after the drilling was; completed, presumably from me of the fractures 
formed during the water-injection t a t s .  Injection 1 contained no radioactive material, and by 
mid-1964 the ''"An in injection 2 had long since decayed away: so the fractures f m e d  by 
these injectioas could have been penetrated without our knowledge. The grout seams Formed by 

injections 3, 4, and 5 should still hsve beea unmistakable, particularly in the gamma-ray log 

of the well; however, as injection 5 was not found at well N 150, there was no particular reason 
to expect it in well N 100. But injections 3 and 4 were found at or very near we11 N 150, and 
the failure to find them at well N 100 was an unexplained surprise. 
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A possible explanation was provided by the log of wel l  N 100 made on May 25, 1965, sub- 
sequent to injection 6B. This inj+on was made at an elevation of 6 L  -80 ft but showed 
up as a thin sharp peak in wel l  N 100 at M S L  -40, showing that this fracture had broken 40 ft 
up across the bedding in moving 100 ft to the north. This also places this fracture 15 ft higher 
in well N 100 than it appeared to be in wel l  N 150. Combined with the failure to find injections 
3 and 4 in we l l  N 100, thedeflection of the  fracture suggests that there i s  a barrier from roughly 
MSL - 120 to -40 which forced injections 3 and 4 to detour around i t  to reach we l l  N 150 and 
injection 6B to detour over it.  The barrier could well b e  a zone of tightly folded rock, although 
there is no direct evidence that such a zone exists. 

It is interesting to note the sharp narrow peak in the gamma-ray log formed where injection 
6B intersects wel l  N 100; there is no evidence that the grout, oc liquid squeezed out of the 
grout, migrated up or down the well casing. This well, like the other core holes, was cased 
with lf;-in.-ID s tee l  tubing cemented with neat portland cement. This appears to b e  greatly 
superior to the rubber-base cement used in well N 150, although there may be danger of ruptur- 
ing the tubing if one of the fractures intersects the well at a coupling. 

The next log of well N 100 was made on October 26, 1966, after injection 7. This injection, 

like injection 6B, was made a t  an elevation of -80 f t  and intersected well  N 100 at -70 ft, 
30 ft below the point of intersection of injection 6B. Injection 7 therefore appears to have 
broken through the barrier after having been deflected upward only 10 ft .  This is certainly not 
the type of pattern one would anticipate, although the evidence is clear that this is what must 
have haRened. 

The next log of well N 100 was made on March 29, 1967, following injection ILW-1, which, 
like the two preceding injections, was made at - 80 ft. The log shows clearly that additional 
activity reached well N 100 a t  - 70 ft along the same fracture followed by injection 7. No 

part of injection 7 or injection ILW-1 appears to have followed the fracture formed by injection 
68. 

RESULTS FROM LOGGING WEtL NW 100 (Fig. 10.5) 

This well wasdrilled during late August and early September 1964. No grout was found in 
the cores, and gamma-ray logging showed no activity above background. The well w a s  then 
cased with lik-in.-ID tubing, which w a s  cemented in with neat portland cement. Logging of 

thewell following injection 68 showedno signs of this grout seam, but on October 26, 1966, 
about a year after injection 7 ,  logging showed a high peak of activity at MSL - 75 ft and two 

minor peaks at - 52 and - 87 Et. Injection 7 was made into a slot  in the injection well a t  -80 
ft, so that in traveling 100 ft to the NW the fracture moved up about 5 ft. 

The next log, on April 3, 1967, followedinjection J L W - 1 ,  which also was made into the 
slot at -80 ft. This log shows a possible increase in activity in the peak at -75 ft (note the 

more marked reversai of the recorder) and a new minor peak a t  -63 ft. There i s  a strong pre- 

sumption that ILW-1 followed much the same fracture as injection 7, but that it did not reach 
well NW 100 in force. 
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Flg. 10.5. Gammo-Ray Logs for Well NW 100. 

INFORMATION FROM WELl NE 125 (Fig. 10.6) 

This wei l  was drilled in September and October 1964 and was cored from about mean sea 

level down into the Rome at abmt MSL -229. Three of the fractures were identified in the 
cotes: injection 1, a s  two thin seams of white attapulgite day  at MSL -132.9 and - 133.1 ft; 
injection 2, as a seam of cement and clay 0.03 in. tMck at NlsL -93.0 ft; and injection 5 ,  as 

six thin sheets of cement and day. These were: ( 3 )  a sheet 0.035 in. thick at  - 87.4 ft, (2) 
a sheet 0.1 in. thick at -86.5 ft, (3) two sheets, each 0.1 in. thick, at -86.3 ft, (4) a sheet 
0.06 in. thick at -84.6 ft, and (5) a sheet 0.27 in. t h c k  at -84.4 ft  (see Fig. 10.7). 

Fig. 10.6. Gamma-Roy Logs for Well NE 125;. 
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Fig. 10.7. Woll NE 125, Core Showing Injection 5. 

Injection 1 was made into a slot  at an elevation of MSL - 153 ft; s ince  it was found a t  an 
elevation of - 133 ft, it rose 20 ft in traveling 100 ft to the northeast. 

Injection 2 w a s  made into a slot at an elevation of MSL - 132 ft; since it was found a t  an 
elevation of -93 ft, it rose 39 ft in traveling 100 ft to the northeast. 

Injection 5 w a s  found at an  average elevation of MSL -86 ft; s ince  it was made into a s lo t  
at an elevation of -98 ft, it rose 12 ft in traveling 100 f t  to the northeast. 

The first log of well NE 125, made on October 19, 1964, shows injection 5 as  a single peak 
at an elevation of MSL - 88 f t ;  depths determined by logging are less accurate than depths de- 
termined during coring operations. The apparent double peak in the log comes from saturation 
and reversal of the recording equipment. 

The second log was made on May 20, 1965, the day following injection 6A. This log shows 
several peaks, with reversals between MSL - 56 and - 80 ft. As injection 6A w a s  made at  an 
elevation of MSL -88 €t, this injection a l so  had come up about 12 ft in reaching well NE 125. 

The third log was made on May 26, 1965, shortly after injection 6B, and shows several n e w  
peaks between MSL - 30 and - 50 ft, wi th  the largest showing a reversal at MSL - 44. This 
injection was made at  an elevation of MSL -80 ft, so that it came up 36 it in traveling out to 

well NE 125. 
Logs were also made on October 26, 1966, following injection 7, and on March 30, 1967, 

following ILW-1, but neither of these showed any large new peaks. Several s m a l l  peaks were 
noted in these logs at MSL +2,  19, and i 1 4  It, but &ether these were farmed a t  the time of 
injection 6B or later was not clear. 

In summary w e  can say with confidence that injections 1, 2, 5, 6A, and 6B reached well. 

NE 125 but that injections 3, 4, 7, and ILLY-1 did not. 
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INFORMATION FROM WELL S I00 (Fig. 10.8) 

This well was drilled in late November and early December 1964. It was cored from about 
MSL through the top of the Rome at about MS& -246. hjcctiosls 3, 4, and 5 were identified in 
the cores; no evidence was found of injections 1 and 2. 

0 m L . W  .?-ll.YI 

WELL s o 3  

F i g .  10.8. Gamma-Ray Legs, Well 5 100, May 11, 1965, to Mor. 3, lW7. 

Injection 5 was found at an elevation of -101.6 ft as measured in the core and at - 105 
ft as measured by the logger. The depths as measured in the logs s e e m  to average about 0.5% 
deeper than the more accurate meesuremtnts made in the cores, although the difference is not 
ye t  sufficiently wel l  established to apply a correction factor to the loiged depths. Injection 5,  
as seen in the core, was a single irregular fracture containing broken pieces of shale and vary- 
ing in thickness from 0.60 to 0.65 in.; the average thickness was about 0.625 in. Injection 5 

was made at an elevation of -98 f t  in the injection well, so that it went down about 3 ft in 

traveling to well S 100. 
Injection 4 was found at an elevatlon of from - 109.3 to - 109.1 ft a s  seen in  the cores and 

- 112 ft as seen in the logs. In the core it appeared as one very irregular major sheet with 
several minor sheets; the aggregate h c h e s s  w a s  0.30 in. (see Fig. 10.9). Injection 4 was 

made at an elevation of - 108 ft in the well, so i t  went down about 1 ft in traveling to we!l S 
100. 

Injection 3 was found at  an elevatron of - 118.4 ft in the core and at - 122 f t  in the log. 
The grout sheet appeared in the core as a single layer about 0.35 in. t h c k  (see Fig. 10.10). 
Injection 3 was made at an elevation of - 120 ft in the injection well, so that it came up nearly 
2 f t  in traveling out to well S 100. 
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Fig. 10.9. Woll 5 100, Core Showing Injection 4. 

The first complete log of well S 100 was made on May 11, 1965, following injection 5 but 
prior to injection 6A. Injections 3,  4, and 5 can easily be identified in the log. 

The second log w a s  made on May 19, 1965, followinginjection 6A and prior to injection 6B. 
Injection 6A formed a sharp, narrow peak at - 95 ft. It was injected at - 88 ft, so i t  moved 
down 7 f t  in traveiing from the injection well to well S 100. 

The third log was made on May 25, 1965, shortly after injection 6B. There is no  evidence 
that any radioactive material from this injection reached well S 100. 

The fourth log wasmade on October 25, 1966, following injection 7. Activity from this in- 

jection is seen in the log of well S 100 at  an elevation of about -90 ft. The injection w a s  

made into a slot at -80 ft, so the fracture went down 10 ft in moving out to well  S 100. 
The fifth and last log of this series was made on March 3,  1967, following injection ILW-1. 

No evidence of any additional activity was found in this log, and ILW-1 apparently did not 
reach well S 100. I L W - 1  was injected into the same slot as injections 6 B  and 7. 
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Fro. 10.10. W d l  5 100, Cote Showinp Inioction 3. 

INFORMATtON FROM THE JOY WELL (W 300) (Fig. 10.11) 

The Joy well  was drilled during the summer of l%l, and a l!;-in.-ID casing was cemented 
in about a year later. There is reason to believe that the cementing job was not well done and 
that it m y  be weak in places. The top of the casing was bent in the winter of 1963-64, and 
the well was not logged until the summer of 1964, after injection 5 and prior to injection 6A. 

The log of August 31, 1964, shows two sharp peaks, at MSL - 110 and - 99 ft, and a minor 

peak at M S T  - 90, above which the level of activity falls off gradually. The peak at - 110 ft 
is believed to represent injection 4, which was made at  an elevation of - 108 f t ,  and the peak 
a t  - 99 ft  is believed to  represent injection 5 ,  which was made at -98 ft. If this is so, then 

these two fractures travelednsarly horizontally to  teach the joy well,  300 f t  west of the injec- 

tion weIl. The minor peak at - 90 ft is believed to represent water squeezed aut  of the grout of 
injection 5 ,  which migrated up dong the casing. 

The second log was made on June 1, 1%5, following injetxion 6 8  and prior to injection 7. 
Two new peaks arc present in this log. One is at -105 ft, between the two earlier peaks a t  
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Fig. 10.11. Gamma-Roy Logs, Joy Woll (W 3001, Aug. 31, 1964, to Apr. 3, 1967. 

- 110 and - 99 ft. No explanation is advanced for this peak. The other is at - 91 ft  and is be- 
lieved to  represent injection 6B, w h c h  was made a t  -80 ft. It is believed that not enough 
grout and wash water were contained in injection 6A to reach the Joy well, 300 ft away, al- 
though the elevation of thispeak corresponds more closely to injection 6A, which was made a t  
-88 ft. 

The third log, made an October 24, 1966, following injection 7, shows several new peaks be- 

tween - 90 and - 5’9 f t ,  with some activity as high as -40 f t  From tfus record it is impossible 
to say whether injection 7 intersected the Joy well a s  a series of sheets over a span of nearly 
40 ft or whether radioactive grout or water migrated up along the  casing, although this latter 
explanation appears more probable. If the activity did move along the  casing through the weak 
cement, it is not possible to determine just where the main fracture intersected t h e  well, but 
it may have come in on top of 6B, for both injections were made into the s a m e  slot. 

The n e x t  log of the Joy well was made on A p r i l  3,  1967, following injection ILW-1. This 
log was made wi th  a t i m e  constant (T.C.) of only 3 sec, shorter than the 5- or 10-sec time 
constant normalIy used, and with a logging speed of only 5 to 8 fpm. This gives a somewhat 
“busier” log than the log of  October 24, 1966, with many more sharp peaks and reversals. The 

activity around the well is the same in the two logs, and injection I L W - 1  did not reach the Joy 

well. However, the log of April 3, 1967, illustrates the need both for  a less-sensitive probe and 
for an expanded vertical logging scale. Attempts are in hand to provide both. 



11. Surface Uplifts Resulting from Experimental Injections 

INTRODUCTION 

The surface uplift measurements obtained from the second fracturing experiment (see Chap. 

3) indicated that although the pattern of uplift cannot be used as a guide to the underground loca- 
tion ol the grout sheet, it may suggest that a horizontal rather t h ~  a vertical fracture has been 
formed. Furthermore, uplift measurement is one of the very few methods available for collecting 
data on the behavior of the rocks overlying the injected grout. For these reasons, an extensive 
network of beach marks was installed at the site of the hydraulic fracturing plant, and procedures 
were instituted for making periodic elevation surveys during the course of the experimental in- 
jections. 

In this chapter, only the results obtained from the fitst sewn experimental injections at the 

fracturingplant wi l l  be described and ana lyzd .  

EXPERIMENT AND PROCEDURES 

Bench Marks 

The primary monuments consist of a 1-Et-long, 38-in.-diam stainless steel bar embedded in 

concrete. The concrete was poured in place in 18in.diam holes driiled with an earth auger. 
These boles were dug to a depth of 9 to 10 ft except where the rock base was reached at a 

shallower depth. Most of the monuments were constructed with the tops about level with the 
ground surface; a few were built with their tops below ground level to protect them from being 
run over. 

Several auxiliary bench mdcs mnsisting of lag bolts set into the roots or lower parts of 
large trees were also installed a t  the site. The purpose of these bench marks was to provide a 

check on the stability of the concrete monuments. However, this origxnaily intended use was 

forgotten, and they wereincorporated into the lines of traverse and leveled dong w t h  the bench 
marks. 

The monuments wen laid out in the field on two lines crossing at approximately 60° near the 
injection well (Fig. 11.11. The radial lengths of these lines are: line A to the northeast, 1700 
ft; line B to the east, 1800 ft, and conmscting to an existing line ftom the second fracturing ex- 
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Fig. 11.1. Loyout of Loveling B m c h  Marks at tha Hydraulic Fracturing Plant (as of 1966). 

periment, thereby effectively extending it another 1400 it; line C to the west, 2000 ft; and line 
D to the southwest, 1100 ft. The topography at the hydraulic-fracturing plant not only limited 
the length of line D but a lso made it  impractical to provide a more adequate areal coverage of 
the site. It would have been very difficult to construct and accurately to survey tines running 
to the northwest and southeast. Wherever possible, the locations of the lines and of the individual 
monuments were chosen adjacent to existing roads. This  provided easy access  for construction 

and eliminated many linesf-sight interferences. 
Thebench markswere spaced about 200 ft apart because this appeared to give a5 much detail 

for the plotting of profiles showing uplift as was warranted by the precision of the leveling. 
Temporary turning p i n t s ,  in the form of wooden s takes  driven in the ground each t i m e  theline 
was run, were used to shorten the length of the sights, which rarely exceeded 50 ft. 

The size of the required leveling ne t  can be estimated by assuming a circular injection 
sheet. The radius of the circular area on the  surface to be observed (R‘) is  then given by 

R‘= R + H tan a+220% (R - H  tan a> t 2 L ,  
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where 

R t maximum expected radius of the injection sheet, 
H = depth of injection, 
a = angle of draw, 
L =distance between statioas, and U, is included to ensure that two stations are beyond 

20% = experimental contingency included to allow for the inherent unpredictability of geologic 
the limit of movement in ordrrr to accurately t ie  down absolute mvements, 

materials and possible deviations from circularity of the injection. 

For the experimental injections, R = 400 ft, H = 1000 ft, and L z 200 ft; thus 

R -I- H tan u = 400 + loo0 x 0.7 400 -+ 700 = 1100, 

and from Eq. (11, 

R‘ = 1100 + 220 + 400 d: 1720, 

giving B required radid lengtb of survey line of 1720 ft. This suggests that the bench mark net 
was just adequate to cover the anticipated area of uplift S i n c e  the a n e n t  series of operational 
injections involves volumes of approximately 100,000 gal, the expected radius oE injection (R) 
may be longer than 400 ft. Based on this and t he  analysis of the uplift data obtained from the 
first seven injections (see below), lines A and C have each been extended by the addition ol 

thee bench msuks. These two lines are now approximately 2400 ft long. 

Surveying Equipment and Techniqwr 

For the first traverses, a dumpy engineer’s level was used; later, a Wild N-3 precision level 
was obtained. W i t h  sufficient time and care, the  dumpy level can give a s  accurate results as 

the Wild level, so that the better instrument served primarily to save time, not to improve the  
results. An hvar leveling rod with 0.01-ft divisions was used throughout. The technique adopted 
and wed at every sightingwas as follows: 

I. 

2. 

3. 

The instrument was erected at a point midway between the front and back sights and very 
catefnlly leveled. 
The three cross hits in the i n s t m n t  (level and two stadia hairs) were read to 0.001 ft by 
estimating the last figure. 
These three readings were averaged, a d  the man was compared with the level reading. If 
this reading dqarted from the man by 0.001 f t  or more, the entire set of readings was re- 
peated; if not, the calculated me-, calculated to 0.0003 ft ,  was recorded as the sight read- 
ing. 

‘?his is a concept from subsidence engmcerinlg and IS defined a s  the angle made by the vertical and 
a 1- drawn from the limit of surface dtStyboaCC to the edge of tbs underground wotklngs. I t  is nearly 
unrvtnally found to be between 34 and 39 and isusually aadumcd to be 3 9  m areas where it bas not 
been previously detarmncd. “f K Wardell, “The Minunisawn of Surfsee Domrgr by SQeCial Arrange- 
mant of Underground Workmgs, Pmc. European Con& en Ground & v e t ,  Laada, Apn1 9-12, 19.57. 
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4. Any error of closure was balanced by averaging the outbound and inbound differences in 
elevation between each of the points in the closed traverse. 

The accuracy of the determination of the difference in elevation of two adjacent bench 
marks therefore should b e  about 0.001 ft. Examination of the  data shows that only in a few per- 

cent of the readings do the determinations on the  outbound and inbound leg differ by more than 
0.001 ft. In these few cases the reading was repeated still another time. For a 4000-ft traverse 
of 20 bench marks, the cumulative error should be  of the order of 0.004 ft ;  and a sampling of 
closure errors indicates that this level of accuracy was maintained. Even though this high 
level of accuracy on the leveling data i s  maintained, it s t i l l  represents a sizable fraction of the 
uplift resulting from a single injection, which is of the order of 0.01 ft. This  problem is inherent 
in the technique and could have been overcome only by increasing the accuracy of the measure- 
ments by an order of magnitude, which would probably have increased the cost by an equivalent 
amount. In the analysis of the results given below, some of these difficulties are avoided by 
considering the uplifts resulting from a group of injections rather than a single one. 

ANALYSIS O f  UPLIFT DATA 

The data obtained from the repeated levelings of the bench mark network during the seven ex- 
perimental injections were analyzed in iwo different ways. In the first analysis, an effort was 
made to carry out ail the calculations a s  rigorously as possible without making assumptions a s  
to  the general character of the uplift. The calculations were performed on the adjusted closed 
traverses by assuming that point 3-E, some 3500 St east  of the injection well, was undisturbed 
by the injections and remained stable throughout the entire period. The elevation of the center 
point of the network, X, relative to point 3-E can then be established from those l ine B traverses 
which were extended out to point 3-E. Since point X is included in each of the other three radial 
legs of the net, the elevation of ail  points can b e  determined. 

Theprofiles of surface uplift calculated in this way are shown in Figs. 11.2 and 11.3. A 

number of conclusions can  be drawn from the examination of these two figures: 
1. Apparently there was an error in the original (zero establishing) survey of February 2-12, 

1964, involving points C-7 and -8 and most of l ine D. Although this error (estimated at no mme 
than 0.01 ft) will persist througfmut, its relative effect wil l  diminish as t h e  total uplift increases. 

2. The end points (farthest f r o m  center) of a l l  the legs of the net show a net uplift of 0.01 
to 0.02 ft. Although this was expected a t  point D-7, the end points of the other three lines 
should not have been disturbed. Furthermore, the general shape of the profiles suggests that 
the uplift of the end points is not real. 

3. The total volume of surface uplift estimated by integrating the empirical equation of the 
profile curve, 

w = 0.073 exp (o.n-:;06) ' 
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fig 11.2. Profilo of Surfaca Uplift, EorhWest Section. 
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where 

w = surface uplift (ft), 
x = radial distance from center (ft), 

0.073 =maximum uplift a t  center, 

gives 1.22 x lo6 gal, compared with an injected volume of only 0.652 x lo6 gal. 

the surveys cc the assumptions. For instance, the excessive uplift could be accounted for by a 
gradual settlement of the base point 3-E during the period. 

These last two observations suggest that some kind of systematic error occurred in either 

In the second analysis an attempt was made to obtain a more realistic picture of the uplift 
by making internal adjustments. In this case, it was assumed that points A-9, B-9, and C-8 
were stable and w e r e  unaffected by the injections. For each set of traverses, this gave three 

different elevations for the center point X. A mean of these three elevations was then con- 

sidered to be the true elevation, and the three individual leg  traverses were then “tipped” so 

that the end points remained undisturbed. The uplift profiles produced by this procedure are 
shown in Figs. 11.4 and 11.5. Note that point D-7 is still shown uplifted slightly, as expected. 

The total volume of surface uplift in this case is 0.80 x lo6 gal, calculated from 

W = 0.062 exg ( 0.55 - x 2 ) ,  x lo6 

which agrees much more closely with the injected volume of 0.652 x lo6 gal. Also, the uplift 
profiles look much more reasonable and probably more closely represent the actual uplift. 

In both analyses of the uplift data, only the surveys taken after injections 2, 5 ,  and 7 were 

analyzed. Partial data are available for each injection in case the need for that amaunt of de- 

tail should arise. 

Fig. 11.4. Profit. of Surface Uplift, East-Wmst kction. 
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ffg. 11.3. Profit0 of Burfees Uplift, Norih-Souttt kction. 

THEORETICAL DERIVATION OF SURFACE UPLIFT 

The surface IeveIing measurements indicate that each injection caused the ground surface 
to be uplifted approximately 0.01 ft. This is somewhat less than the estimated thickness of the 
injection and suggests that the movement of the rock around and over the injections could b e  
considered to be inversely anahgous to the subsidence movements which occur over extractive 

mining operatias. If this analogy is valid, the movements and deformations induced by the  in- 
jected gmut stLetts are subject to analysis using concepts and techniques borrowed from the 
highly developed discipline of mining sutwidmce engineering. 

€racturing because any algebraically expressible input geometry can b e  used, equations are 
available for a uumher of different physical aodels of the rock having different deformational 
characteristics, and a solution can be obtained for any point in the rock system. 

The geometrical arrangement of Sdamon’s analysis is shown in Fig. 11.6. The equations 
defining the displacement of any point P in the rock are: 

An eiastic analysis of mining subsidence by SaIamon’ is particularly applicable to hydraulic 

’M. G. D. S$mnon. “Elastic Arubsir of Displacements aaLd Strdss,~s Induced by Mining of Scam of 
Reef hp08itsv /. 5. AEncan b u t .  Minrng MU., pt. I: 6 4 a ,  12849 (November 1963); pt. II: 6 d d .  
197-218 ( J W U . ~  1964); pt IIE 54-10,46&500 (Map 1964). 
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Fig. 11.6. Notation and Geomakicol Amangamed of Minor Image Method. 

and w, u, v -  displacements of point P in the 2, x ,  and J directions respectively, 

1,(c, 7) = thickness of the injected grout sheet at any place, 

JL = integration over the entire area of the grout sheet, 

Y t 2 ,  t, H) = function describing the &formational properties of the various models simulat- 
ing the rock, 
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H m depth of injection, 
z, x, y, E; 7 P coordinates as  defined by Fig. 11.6. 

The functions Yr2, 2, H> far different idealized physical models are given below. 

.. . .,.. 

... . 

The function f(r3, z, H) that describes the defotmational properties of this model is obtained 
by superimposing the solutions €or two injections in an infinite medium so that the condition of 
a stress-free surface is satisfied (see Fig. 11.6). The superposition is made acceding to 

w b e  Fa,  Fm, and FS are the functional components arising Emrn the actual injection, themirror 
image iniectioa, a d  a normal stress, respectively. Components Fa and Fm can be obtained f r o m  

by replacing zi with zl in the actual case and with z2 in the mirror image case, using 

t 1 - z - H ,  z 2 * t + f f .  

The f, portion is given by 

Frictionless Laminated hiodd 

This model, which can be visualized as a stack of elastic plates separated by frictiodess 
partings, has been suggested as inore nearly representing the strongly laminated shale and 
similar strata in a coal-producing sequence. Since the surface is automatically shear stress free, 

the minor image principle can be used for the elimination of the mmal stress according to 

F = F a - F m ,  (11) 

where F, and F ,  are given by 
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and z1 and z2 are given by Eq. (8). The physical property parameter h i s  defined as 

where h is the mean lamination thickness. This model is not sufficiently rigorous to allow the  
derivation of horizontal components of displacement. 

Similar equations have been derived for a homogeneous transversely isotropic model, which 
has different properties in the vertical and horizontal directions, and a multimembrane model, 
which is made up of a large number of completely flexible membranes separated by elastic 

springs.’ The expression of the deformational properties of these models is very complex 
algebraically and will not be given since they were not used in the analysis. 

Components of strain can be derived for the homogeneous isotropic model by differentiating 
Eqs. (I), (2), and (3) according to 

where y i s  shear strain in the subscript-indicated plane. The differentiations of Eq. (14)’can be 
performed either before or after the integration indicated in Eqs. (I), (2), and (3). Since a 
computerized numerical integration was employed in this analysis, the differentiation was carried 
out first, in  which c a s e  only the functions describing t h e  model properties require differentiation 

Results of Colculati,on-s 

A few trial calculations were made on various cross-sectional shapes of circular injections 
(disk, truncated C O M ,  normal error curve) which indicated that a very flattened circular ellipsoid 
yielded the most satisfactory displacement distribution. It was also shown that the vertical 
movements calculated from the homogeneous isotropic model and the frictionless laminated 
model were  nearly identical. Therefore, in all calculations, an elliptical cross section was 

used in the shape function. The frictionless laminated model was used when only vertical move- 
ments were desired, and the homogeneous isotropic model was used when horizontal movements 
were required for strain calculations. 

The calculations were performed on a large digital computer using the Gauss method for 

numerical double integration. For a circular ellipsoid, the shape function can be written 
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where a is rhc thickness of the very flattened cireular d i p s o i d  measured at the center (Le., 
twice the semiminor axis) and c is the radius of the circular ellipsoid (Le., semimajor axis). 
Substituting a. (15) into Eq. (2) and defining the limits yields the equation on which the integra- 

tion was pcrfonned for the vertical movement, 

where fl(r2, z, H> is obtained fmm Eqs. (51, (61, (81, and (9) for the homogeneous isotropic mode! 
or Eqs. (41, (111, and (12) far the frictiodess laminated model. Since a large number of cases 

were examined and the equations beccme somewhat involved, Eq. (16) and its derivation are 
given a$ an example, and no other expressions of the actual functions to b e  integrated will be 
quoted. 

Figure 11.7 shows the tadid (hotizontal) and vchical displacements obtained by this method 
using a circular ellipsoidal-shaped injectiaa of tadiw 700 ft at a depth of loo0 ft in a homogeaeous 
isotmpic material (v = 0.25). All displacements are proportional to the center thickness of the 
injected grout sheet, u, a d  therefore the displacements are plotted in tesms of a. A number of 
significant points concerning the befreviot af the rock mass are apparent from this figwe: 

1. The deformation below the injected grout sheet is slightly less than, but nearly equal to, 
that above. Tbe slight difference between upward and downward deformations, caused by the 
presence of the free surface, resuits in the center line of the injection being slightly above 
the original plane of t h  injection. 

fig. 11.7. V ~ ~ t i t r r J  and Radicl Dfrpiaco~wnt Around u Circular Ellipsoidai Injection. 
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2. The maximum surface uplift is smaller than the center thickness of the injection (in this case 
about t), but the surface uplift extends over a much greater area than the injection. 

3. Radial movements are appreciably smaller than vertical movements (in this c a s e  approximately 

4. The first two pointr are special cases of a much moa important conclusion, which s ta tes  
f; 0 0). 

that the net volume of uplift at  any plane above the grout sheet (including the ground surface) 
is equal to the volume injected and that the net volumetric displacement of any plane below 
the grout sheet  i s  zero, The downward movement under the grout sheet must be compensated 
by a lift around the edges (Fig. 11.71, and the reduced surface uplift over the center of the 
grout sheet is made up by the uplift being spread over a larger area. These relationships 
can be shown to be theoretically valid regardless of the properties of the rock. 

Radial and vertical strain contours for the homogeneous isotropic model (c = 500 ft) are shown 
in Fig. 11.8. This figure is essentially the differential of the previous one. Again the value of 
strain isgiven in terms of the center thickness of the injected grout sheet, 2. For example, if 
a =  1.0 f t  the values of strain are loe6 ft. Ths figure illustrates primarily the regions of com- 

pressive and tensi le  strains and the very high strain (stress) concentrations a t  the t ip of the in- 

jection. 
The manner in which the vertical displacements decrease in amplitude and increase in 

areal extent upward from the injection suggests t he  reason for the difficulty in trying to establish 
the outline of the grout sheet underground based on surface uplift measurements. Th i s  is il- 
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Fig. 11.8. Vorffcal and Radial Strain Around a Circular Ellipsoidal Injection. 



213 

lustrated in Fig. Il.%, where the ratio of maximum surface uplift (as) to in je t ion  thickness 
(a,) is plotted against the ratio of radius of injection to  depth (c/H). This shows h a t  at a 
dcptb of loo0 f t  the msximum surface uplift to be expected ranges from 8% of the iajcction thick- 
ness with a 300.ft radius (dlf ‘I 0.3) to 50% of the thickness with a 1006ft radius (c/H - 1.0). 
When it is realized that the thickness of a single injection is probably of the order of 0.01 ft, 
it is obvious that extteme accuracy of surface leveling is  required. Thp insensitivity cb the s u -  
face uplift to changes in shape of the injection is further illustrated in Fig. 11.96, where the 
eccentricity of the surface uplift contours is plotted against the eccentricity of a compieteiy 
ellipsoid& grout sheet &e., elliptical in plan and section). The figure shows that a high 

Fig.  11.9. Relatfonship &tween Shopm of Inioctd Groui Sheet ond Shape of Sudocm Uplict. 

............ ................ . . . .  ..... ............. ............. .............. ....... ....... ..... ~ 
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horizontal eccentricity (e = 0.8 to 1.0) is required in the grout sheet before the surface uplift 
contours depart appreciably from circular (e = 0). The eccentricity (e) is defined as 

J a T  
e =  1 

a 
(17) 

where a and b are the semiaxes. 

suming a constant pumping rate (224 gpm) and an arbitrary proportionality between the center 
thickness (a) and the radius of the injection (c), 

The behavior of the surface during the injection process was examined theoretically by as- 

a = c/7000 . 

As can be seen in Fig. 11.10, the elevation of all points on the surface increases linearly with 

time under these conditions. In the actual case, an exact proportionality between the thickness 
and the radius of the injection would not be expected throughout the course of an injection. 

PUMPING TIME (hr) 

Fi9. 11-10. Surface Response Due to a Constant Rat. of Water Injection. 
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CONCLUSIONS 
P 
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The comparison of analytical results with the meage experimental evidence available tends 
to support the validity of the inverse subsidence analog assumption and the appiicability of 
Salaam's elastic S O h t i O n .  The min point of departure of the exptrirnental data from that 
anticipated from the theory is in the volume of the surface uplift. The principal points of agree- 

ment are as follows: 
1. Vertical movements i n  the rock overlying the injected grout sheet will decrease in magnitude 

with distance from the injection. At the surface, approximately loo0 ft above the injection, 
the uplift will be bell sbaped, nearly circular in plan with a nomd-error-curve-shaped profile. 
The surface uplift 2000 €t from the center will be 1 to 5% of themaximum (center) uplift, de- 
pending oil the radius of the injection, 

2. The surface uplifts are very insensitive to the shape and size of the injected grout sheet and 
therefore are not suitable for inferring the behavior of the injection. 



12. Safety Evaluation 

The “system” involved in disposal by hydraulic fracturing includes both the fracturing plant 
on the surface, which m i x e s  and injects the  radioactive slurry, and the underground rocks into 
which the slurry is pumped. In an assessment of the safety of this  disposal method, therefore, 
it  is convenient to treat the problem in two parts. The first part discusses the possible failures 
in the surface plant, the consequences of such failures, and the engineering safeguards that have 
been taken to  assure that these failures will not result in significant releases of radioactivity to 
the plant environs. The second part examines the possible mechanisms of failure of the rock in 
the disposal formation and of the rock cover and, on these bases, estimates the total capacity of 
the present injection well. 

SAFETY ANALYSES OF PLANT AND EQUIPMENT 

Rupture of Wellhead 

The worst single hazard associated with an injection is the possibility that fittings a t  the 

wellhead may break off right a t  the wellhead, thereby permitting same, or all, of the waste slurry 
that has  been injected into the well to flow back up the well into the wellhead cel l  with no way 
of shutting off the flow. Depending on the nature of the break a t  the wellhead, this flow could be 

up the tubing string, up the annulus between the  tubing and the casing, or up both the  tubing and 
the annulus. This  hazard will be most severe near the  end of an  injection, when the volume of 
waste that has  been injected is a maximum. The  maximum flow rate back up the well will be de- 
termined by the pressure a t  the bottom of the wel l  and the pressure drop in the well. In this 
analysis the wellhead injection pressure is assumed to b e  1700 psi. The flaw up the well, then, 
is that flow required to produce a pressure drop of 1700 psi. The slurry is a non-Newtonian fluid 
with n ’ and K ’  factors of 0.84 and 0.0099 respectivelyml The calcdated pressure drop of this 
fluid at  various fluid rates in both the annulus and the tubing is shown in Fig. 12.1. From this 

curve the maximum flow in the tubing i s  found to be 530 gpm, and the maximum flow in the an- 
nulus is found to b e  995 gpm; the combined flow would be 1525 gpm. The ac tua l  flow rate would 
b e  less ,  because these calculations take no account of hiction losses and pressure drop in the 
fracture. 

‘Hdliburton Company, Chemical Research and Development Report for Noveabsr. f962, C 55-62. 
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In the event that an accident such as that described above causes the slurry to be discharged 
into the wellhead cell, an l&in. drain line has been installed from the floor of the wellhead cell 
to the nearby emergency waste trench. This line is 130 ft long and dmps 22 ft in this distance. 
The calculated pressare drop in this line, at a flow of 1500 gpm, is approximately 1 psi. Two 
water lines have been installad in the wellhead cell to assist in washing tho slurry dQwn the 

drain. Once the slurry has been wa6bec.l into the waste trench, it can be allowed to set there 
and be coveted over at leisure. 

Bnok in Process t i n e  

The type of hazard that will result from a break in a process line depends on the location 
of the line, on whether it is in high-pressure or low-pressure service, and on the fluid carried 
by the line. 

The low-pressure process Iines that carry radioactive waste solution have been installed 
either underground or in enclosed pits or cells. A break in one of the underground lines would 

rwult in the loss of some quantity of waste solution to the ground, but thio is a hazard shared 
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with other waste transfer lines, and it seems no more  serious here. A break in one of the low- 
pressure process lines inside a cell or pit would result in the discharge of a considerable 
quantity of radioactive fluid over equipment, piping, and anything else  in the vicinity. The 
valve pit and process ce l l s  a re  so constructed that there is no direct path for the  escape  of any 
fluid discharged into a cell; any material so discharged can be contained and cleaned up at 

leisure. Operating procedures require that a l l  operators be outside h e  cells and the cell 
hatches b e  closed while waste solution is being pumped; hence the hazard likely to result from 
a broken line inside a cell is s m a l l .  

A rupture of a high-pressure line inside a process cell would, as was the case for the low- 
pressure lines, result in the spraying of slurry inside the cell until a pump was shut  off or a 
valve dosed .  This hazard seems no more serious than was the case for the low-pressure lines. 
In this case ,  however, there is the additional hazard that a rupture might occur suddenly enough 
so that a fragment of high-pressure pipe would be given sufficient energy to penetrate a wall,  
a window, or the roof of a cell, and thereby release contamination outside the cells. To guard 
against this hazard the windows in the pump cell and the wellhead (the only cells to contain 

high-pressure lines) are made of bullet-proof glass, and the roof grating is covered with $-in. 
s teel  plate. The largest unrestrained piece of equipment that seems likely to become a missile 
is a fragment of the plug container, which is on the top of the wellhead assembly. A sudden 
fracture of this piece of equipment could propel a m a s s  of perhaps 50 lb against the hatch of 
the wellhead cell. A calculation of the maximum probable impact force of this fragment gives 
a value (22,500 lb) well below the yield strength of the roof structure (about 50,000 lb). The 
i m p a c t  force of a similar fragment against the cell  wall is also far below the force necessary 
for penetration. The calculation of the maximum probable kinetic energy of a small metal 
fragment directly against the $-in. roof plate gives a value of 114 ft-lb/in.; literature values 
indicate that a t  least  1400 ft-lb/in. is required to penetrate a t - i n ”  plate. It is concluded, 
therefore, that there is little danger of the cell integrity being breached by a missile, 

There are two cases in which process lines extending outside the calls will  be subjected 
to high pressure: (1) the operation of the standby pumping equipment which will pressurize the 
line between the standby pump and the valve rack in the wellhead cell and (2) the slott ing of 
the casing a t  the keginning of a run, which has  to be d a t e  with high-pressure wellhead con- 
nections extending through hatches in the roof  of the wellhead cell. Neither of these opera- 

tions involves the use of radioactive materials, but both have the inherent hazard of all high- 
pressure operations. In this case it is a hazard that is common to similar operations in the 

petroleum industry and, a s  such, is a hazard with which the operators are  quite familiar. 

Spread of Confamination from Slott ing Operotion 

At the conclusion of each slotting operation the tubing string in the injection well must be 
lifted about 20 f t  to position the bottom of the tubing string well above the slot through which 
the injection will be made. This operation requires the handling and removal of 20 to 30 f t  of 
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wet tubing that will be contaminated to some unknown extent The hazard of direct radiation is 
negligible in this case; the oniy real problem is the possible spread of contamination. An esti- 
mate of the amount of "Sr that might b e  present on a 30-ft length of tubing indicates that the 

total amount would be about 3 x lo" cutie. If it i s  assumed that 10% of this becomes airborne 
and that 10% of that is inhaled by one person (both assumptions are quite pessimistic) the maxi- 
mum intake is only 20% of the maximum allowable weekly intake. The hazard of this operation 
seems slight. 

Leak in Waste transfor Line 

This facility shares with the existing waste transfer system the hazard of waste leaking into 

White Oak Creek from a leak in the waste transfer Line that crosses the creek. Safeguards against 
this hazard include the usual Laboratory procedutt of pressurizing the line befoore each transfer 
to detect the e x i s t m a  of major leaks and the monitoring of the creek a short distance downstream 
of the cracssing. If i t  is assumed that a doubling of the background teading m the downstream 
monitor will be regarded as indicative of a leak, then at an average stream floor of 198 x IO6 
gai/montb aad an average beckground of 1.35 x 

b e  detected. 
p J d ,  a l e a k  of as Little a5 6 ml/min could 

Plugging af frt Mixer 

In grouting operations in the petroleum industry, it is not uncommon for the jet mixer to be 
plugged by a large piece of caked cement or by some foreign object. In such cases the liquid 
flow is diverted up the mixer hopper, resulting in considerable splashing and scattering of ma- 
terial. To reduce the hazard of such an Occurrence in this operation, the hopper has been en- 
closed with a metal shield to contain any splashing that may occur, and an overflow line to the 
surge task has been provided to i n c n a s e  the allowable time for shutting off the waste pump. 
Spray nozzles have been installed in the hopper to help in washing the hopper after such a 

mishap. . 
Failure of Sewices 

A power failure at the plant site would affect the waste pump, the water pump, the Densometer 
pump, and the lights. Failure of these items would force a halt in the injection but would not 
cause a serious hazard, since the injection pump and the standby pump are not dependent on out- 

side power and would not be affected. If the power failure were temporary, the wellhead could 
be valved off and the  injection pump shut down until pumping could be resumed. Alternatively, 
if the power wete likely to be off for a considerable time, the injection could be terminated. 
Water from the storagetank would b e  used to feed the standby injection pump, which would force 
the slurry in the wel l  down into the fracture; the well would be sealed off, and the  equipment 
would be washed. 
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Failure of one a i r  compressor would not be serious, since a spare compressor i s  always 
provided. Failure of both compressors would force a halt in the injection but would not cause 
serious difficulties; the injection could be terminated, if necessary, in the same fashion a s  after 
a power failure. 

The water supply will be used for washing equipment and as a feed for t he  standby injection 

pump. Water for these functions can be  supplied from several sources - a 25,000-gal storage 
tank, the waste pit, a 2-in. water line supplying the area, and tank trucks - and the failute of all 

these sources is extremely unlikely. 

Airborne Activity from Wart, Tank Sparging 

Several days before an injection takes place, each of the waste storage tanks i s  agitated by 
air  sparging and then sampled. The air flow rate required for sparging is 16 cfm in two of the 
waste tanks and 8 cfm in the third. Data on aerosols formed by vigorous mixing of solutions and 
air  indicate that the particulate concentration formed by sparging wi l l  be of the order of 10 to 
15 m g / d  originally and about 10 m g / m 3  after several changes of direction of the air stream. 

The particle size distribution will contain equal weight fractions of particles in the range of 

l e s s  than 0.4 p, 0.4 to 1.3 p, 1.3 to 3 p, 3 to 5 p, and greater than 5 p.2 The filter efficiency is  
assumed to be 99.97% for particles larger than 0.3 p, 95% for particles between 0.3 and 0.1 p, 

and nil for particles smaller than 0.1 p. These assumptions of filter efficiency, particle size 
distribution, and particle concentration can be used to calculate a particle concentration in the 
filtered air of 0.89 mg/m3. The assumed waste activity i s  0.015 curie/gal. The product of this 
waste activity and the particulate concentration gives a figure for the airborne contamination 
leaving the filter of 3.4 x 

alent to 1.9 x 

2.98 x 10" pc/ml of l 3  'Cs (5% of MPC,), and 1.67 x lo-'' pc/ml of "'Ru (9.21% of MPC,). 

Since there will be further dilution from the vent and since the exposure time is not likely to 

exceed 8 hr/month, the waste tank filter system is deemed adequate. 

p / m l .  For a waste of the assumed composition, this is  equiv- 
pc/ml of 90Sr (63% of the MPC, for occupational workers for a 40-hr week), 

Rad ia t ion Expo r u res 

The specific activity of the ORNL intermediate-level waste solution is so low that external 
radiation exposure is not a serious hazard; the protection installed for containment is more than 
adequate for shielding protection also. Dose rates have been calculated for three cases that a re  

of particular interest: 5 ft from the surge tank with 12 in. of concrete shielding, on top of the 
surge tank with no shielding, and above the valve pit with no shielding. The respective doses 
were  0.36, 28, and 41.4 mr/hr. 

'A. R. I I - J ~ ~ c  and J. P. Nichols, Hazards Report for Building 2527, CF-60-5-22. 40 pp. 
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Conchs ions 

Most of the hazards associated with the fracturing plant are hazards that are common to any 
process that handles waste solution, for example, a leaking transfer or p r o w s  line and airborne 
contamination. As such, these hazards do not seem very serious, particularly sin- the  specific 
activity of the w a s t e  solution is so low. The remaining hazards are those that are inherent in 
dealing with high-pressur0 equipment. Here the hazard has been minimized, w h e n  feasible, by 
installing the equipment in cells where leakage or fragments of ruptured equipment can be COR- 

tained. There remains the hazard that some operations with high-pressure equipment m u s t  b 
performed outside the cells. These operatioas are routine to the petroleum industry, the equip- 

m e n t  is pres sun  tested before the openitions are performed, the operations are of short duration, 

and no radioactive solutions will  be iuvolved. Nonetheless some small but immeasurable hazard 
exists. (Recalculation of the above in light of modifications to the plant, new procedures used, 
and the higher activity of the waste concentrate in the I L W  injections does not materially change 
these cunclusions.) 

SAFETY ANALYSES O f  R O C K  FAILURES 

I t  was realized from the beginning that the behavior of the shale near the injected grout 
sheets  and of the rocks making up the rest of the system would exercise a controlling in- 
fluence on the ul t imate  capacity of the disposal well. The rocks overlying the injections 
provide both shielding and an isolation barrier, the integrity of which m u s t  be maintained if the 
method is to be successful. Each successive injection disturbs these overlying rocks, as was 

seen by the measured uplift of the surface directly over the seven experimental injections. Ob- 
viously, it is not possible to continue to  inject grout sheets, one on top of another indefinitely, 

with each injection adding an increment of rock deformation and surface uplift. Eventually the 
rocks must fail, and continued injection could result in the outflow of the waste slurry on the 

surface or the opening of fissures in the rocks, leading to leaching of the grout by circulating 
groundwm ter. 

Failure k h o n i s m r  

Based oil an undetstanding of the various parts of the system, it was possible to postulate a 
number of failure rnecbnisms. These are listed and discussed below in order of decreasing 
probability or importance. Some of the lower ranked ones, although having a small probability, 
are still possible and are included primarily to broaden the understanding of the associated rock 
mechanics. 

1. Failure by the formation of a vertical instead of a horizontal fracture. Since this mechanism is 
considered the most probable, it wil l  be analyzed and discussed in detail. 
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Failure by a large increase in the permeability of the shale. The upward-directed displace- 
ments over and around the injection could cause  an opening of pore spaces  and permeability 
channels in the shale. This  might permit groundwater to percolate to the injection depth. The 
cock cover wells installed at the site were designed so that the permeability of the shale at 
the 550- to 650-ft depth level could be  measured periodically. This can be accomplished 
simply by measuring the rate at which water under relatively low but constant p ~ s s u r e  flows 
into the strata. Any large increase in this acceptance rate bllowing a group of injections 
would indicate that the permeability of the cover rock had been affected. 
Failure by shear fracture along a conical surface. A sufficiently large number of nearly 
identically sized injections may be capable of inducing a shear s t ress  in excess of the 
strengrh of t \e  rocks so that an inverted cone-shaped mass of material would be “punched” 
up out of the ground. Stress analysis indicates that the shear s t resses  die out very rapidly 
upward and outward from the edge of the injection but that they are high near the tip. This 
would suggest that whereas such a failure may be initiated a t  the tip of the fracture, it would 
not extend far enough to cause a failure. 
Failure of the cement bonding a well casing into the hole. A failure of this type may be more  
probable than is indicated by its position in this l is t  because of the large number of observa- 
tion and monitoring wells which have been drilled and cased through the injection depth. It 
was placed here because (1) the failure is primarily a function of the quality of the cement and 
the care in its placement, (2) the failule would be localized a t  the site of the  well and any re- 
lease would probably be small, and (3) it may be possible to repair the damage by suitable o p  
erations at  the well. For these reasons, a failure of this type is not considered serious and 
probably would not force termination of operations. 
Failure or‘ the rock around cased holes due to pinning effect. The several holes cased and 
cemented through the injection level effectively pin the strata above and below the injection 
together. The restraint imposed on the rocks around the wel l  in this manner could give rise 
to a failure of the rock. This situation is extremely difficult to anaIyze, but a failure does 
not s e e m  probable for the following reasons: After the first few injections have intersected 
the well, a vertical compressive s t ress  is induced in the rock  around the well. This  s t ress  
would tend to restrict later injections approaching the area, either by forcing them to become 
thinner or by preventing close approach entirely. In either case the net effect is to limit the 
induced s t resses  around the well. 

Fai lun by the Formation of a Vsrticol Fracture 

As was indicated in the preceding section, the most probable mechanism by which the rock at  
the hydraulic fracturing piant may €ail is the formation of a vertical fracture. The orientation of a 
hydraulically induced fracture is  controiled mainly by the orientation of the principal s t ress  field 
in the rock.3 It will form perpendicular to the least  compressive principal stress. Other factors, 
such as bedding plane weaknesses, stress concentrations around the borehole, and the configura- 
tion of the casing perforation, may affect the fracture orientation, especially when the intermediate 
principal s t ress  has very nearly the same value a s  the least stress. 

In this analysis, the original s ta te  of stress,  the induced s t r e s s ,  and the tensile strengths of 
the shale will be considered; the other factors will be discussed later. The analysis i s  based on 

~ __ -~ 

’Y. K Hubhrt  and D. G. W i l l i s .  “Mechanrcs of Hydraulic Fracturvlg,’* 1. Patrol.  Technol., Trans. 
ADZE 210, 1.5346 (1967). 
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the assumption that a failure condition has  been reached when the total stresses a t  any point in 

the rock mass are such that there is an e q d  probability ot‘either a vertical or a horizontal frac- 
t un .  This situation will occur wnhm the total vertical stress exceeds the  minimum total horizontal 
stress by an amount equal to the difference behwebn the vertical and horizontal tensile strengths. 

If this condition could be identified, it would represent the time when use of the disposal 
well should be discontinued. Substantially larger volumes would have to k injected in order to 
create a vertical fracture of dangerous dimensions. The veztical component of the psirnitive stress 
field is usually taken to be a principal stress and to be due to the weight of the  overlying material: 

S z 5 6 H ,  

where 

S, P vertical component of original stress, 

H = depth. 
6 = density factor (usually very close to 1 ps i  per foot of depth), 

The horizontal components of the primitive stress have been measured oaiy in those areas where 
the rock comes wty close to duplicating the behavior of a perfcctiy elastic solid (Le., granite or 
dense homogeneous Iimestune). Even then tho a c c u m q  of the measurement is not good. In other 
localities the value of the horizontal primitive stresses can only be estimated from elasticity 
[Sx = vS, / (I  - v), where v = Poisson’s ratio], from plasticity (Sx = S y  = SI>, or from geologic a& 

sarvations. For example, in the Oak Ridge area, the  geological structure is dominated by thrust 
faulting and folding associated with the Appelachim Revolution. This suggests that large com- 

pressive horizontal sttcsscs were once present, and, since there is no normal faulting of a more 

recent age, they probably still exist but are reduced in mavitude. The development sf horizontal 

hydraulic fractures in the a n a ,  indicating that both the horizontal stresses are larger (in com- 
pression) than the vertical stress, tends to cmdm this  conclusion. 

Measurement or even estimatioa of the Driginal state of stress is very difficult. In those few 

areas in the world w h m  measurements have bten  made, the meximum horizontal stress has never 

been found to exceed three times the vertical stress.‘ Since i t  is the  intermediate stress, the 
lesser of the two horizontal smsses, which coatrols the fractun orientation, an upper limit of 

S d S ,  o 2.0 is assumed for the Oak Ridge ana. Geological evidence and the fact that hotrzontal 
fractures dcvelop suggest that the horizontal stress is not l e s s  than the vertical, and therefore a 

lower limit of SJS, = 1.0 is indicated. 

modification of Sneddon’s5 solution for the stress distribution around an elliptical Griffith crack 
The stresses induced in the h s t  rock around an injected grout sheet  can be analyzed by a 

‘E. R. Laeman, ‘”Llae Measurement of Stress in Rock,” ,J. S. African Inat. Mining Met.  45(2), 45-114 

’1. H. Smrddon, **The Distribution of Strers in the Neighborhood of a Crack ia an Elnstic Solid,” 
and dY4). 29-84 (1964). 

Pmc. Roy. Soc., Set. A 187(1009). 209-60 (act. 22, 1946). 



in an infinite elastic body. The equations defining these stresses are as  follows: 

where 

9, gR, c9 = vertical, radial, and tangential s t resses  respectively, 
rzR = shear stress, 

v = Poisson’s ratio, 

Po = pressure inside crack, 
p ,  C= dimensionless coordinates defined a s  p = r/c and 5 = z/c.  

Here z ,  r ,  8 are cylindrical coordinates of the point at which the s t resses  a re  computed taking 
the center of the crack as the origin, and c is circular radius of crack. 

The functional coefficients C r ( p ,  c )  and S:(p,  2) are given by 

1 Co = R e t / ;  c o s - @ ,  2 Sy = R”12 s in  -@ , 
1 

1 2 

1 1 

P 
c; = -( R’ / 2  cos-@ 2 - <), 

c; =-c; 2 - c’: I 

P 

3 

2 
p ~ - J / 2  s i n - @ ,  si = 
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(4) 

Since the points which will be of interest a n  relatively ntar to the injection, the effect of &e 
free surface can be neglected without introducing appteciable e m r .  

Analysis of these induced stresses  indicates that except for a small area near the tip of the 

injection, the maximum difference between the vertical and horizontal stresses occurs along the 
line above the center of the grout sheet, that is, coincident with the injection well. Also, along 
this line the two induced horizontal stresses are equal, and the induced vertical stress is a prin- 
cipal stress. The variation of these stresses in terms of the internal pmssum Po with distance 
from the Ievci of the injection is shown by the solid c m e s  in Fig. 12.2. The internal pressure 

7 I I I 

6 6 - 7 2 a  
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Po in this case is the amount by which the static fluid pressure in the injection exceeds the over- 
burden pressure. For a single injection Po is very small. It can be estimated using’ 

n E a  

8(1 - v2)c ’ 

where 

c = horizontal radius of injection, 
a. = thickness of injection neasured at the center. 
E t modulus of elasticity, 
u = Poisson’s ratio. 

For a 40,000-gal injection with c = 500 ft and a 5 0.01 Et and using E = 10‘ psi and v = 0.25 
(determined from Laboratory tests), this equation gives Po = 8.4 psi. The effects of each in- 
dividual injection will be cumulative, however, and it is obvious that after a few score injec- 
tions a sizable pressure will be built up. 

It is the difference between the induced vertical and horizontal s t resses  (G, - u,,) which 
determines the influence of the prior injections on the stress field. This difference is plotted 

as t h e  dashed curve in Fig. 12.2, where it can be seen that the most adverse location is 0.5% 
(where c = radius of injection) above the center of the injection. This critical point will be the 
first to satisfy the failure condition, and all of the following analysis is therefore based on its 

behavior. 

Estimated Capacity of Present Injection We( 1 

It i s  now possible to write the equations defining the sum of the influences in the vertical 
(E,) and horizontal (22 directions a t  any point in the rock mass: 

where 

CL = coefficients of the induced stress from Fig. 12.2 (for t h e  critical point, aZ = -0.85, 
2’ Y 

a = - O . l O > ,  Y 
f3 = ratio of the original horizontal to vertical stresses (Sr = PS,), 

I ,  = tensile strength in z direction, that is, parallel to the bedding, 
1, = tensile strength perpendicular to bedding planes. 

When the sums of the influences in the two directions are equal at the c:itical point, by the pre- 

vious definition, a failure condition exists. From this, it can be seen that the ratio X J Z z  h a s  

the significance of an engineering safety factor for the system. 
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The vatiation of this safety factor as a function of the total thickness of injections for various 

radii of injection and mrious ,8 values is shown in Fig. 12.3. n e  physical properties of the 
shale used in the preparation of this figure were: depth = 870 ft, E = IO6 psi, a = 0.25, Jy = 900 
psi, and Jz = 300 psi. These values were estimated Erom laboratory tests of specimens obtaind 
from the plant site. This s a t  is very variable both vertically and IatetaUy, and the samples 
were not originally obtained for these tests. Therefort these values for the physical properties 
can be considered only as  estimates. 

The maximum ultimate capacity of the present injection well can be estimated from Fig. 12.3. 
Table 12.1 shows the range of that ultimate c a p a c i t y .  

Fig. 123. Variation of &+e+ Pmctor os o function of Total Thicknou of th. Inirction, fnjoction Radios 
(4, and Original Strari Ratjo @I. 

Table 12.1. Function of Rupture Radius and Pnexisting R w k  Srrersea 

Maximum Safe Capacity 
M e a n  Radius o€ Itljection 

(ft) 
(millions of gPllonr) 

#t3 f 1.0 @ = 2.0 

0.9 2.0 300 

900 4.1 

11.3 20.0 700 
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Discussion 

The induced s t r e s s  solution is based on the assumption that the material behaves elasbcally.  
Laboratory tes ts  indicated that small samples from the sha le  formation are approximately linearly 
elastic perpendicular to the bedding planes. Although some transverse anisotropy is undoubtedly 
present, this should not introduce appreciable error a t  the relatively small values of stn~ss and 
strain attained. The validity of the assumption of homogeneity and continuity appears to be 

supported by the lack of any well-developed jointing or fracturing in the many cores taken from 
the site. It is questionable whether the shales  a t  the plant s i t e  will exhibit sufficient t ime- 

dependent properties over the lifetime of a single well to influence the analysis. Any stress 

relief due to plastic deformation which may occur would tend to increase the capacity of the 
system. Neglecting this effect is therefore an error on the side of safety. 

The analysis i s  based on the proposition that only the state of s t r e s s  and the tensile 
strength of the shale  influence the orientation of the fracture. The s t a t e  of s t ress  immediately 
adjacent to the borehole is modified by the presence of the hole. In general, this disturbance 
wi l l  increase the horizontal s t resses  but leave the vertical s t ress  unchanged. This s t ress  con- 
centration effect would tend to favor the formation of horizontal fractures. These s t r e s s  con- 
centrations die out within three diameters from the borehole, and it has been suggested6 that a 

horizontal fracture initiated under the control of these concentrations will revert to i ts  normal, 
vertical mode a few feet from the well and “back up” to the well. The configuration of the 
pressurized interval in the well also contributes to the orientation of the fracture, initially at 
least. When the fracturing is done in an uncased hole with a packed-off interval greater than 

1.5 m, the induced s t resses  favor the formation of a vertical fracture except very near the 

packers.6 The sand-jet slotting technique used at the fracturing plant produces a very narrow 
pressurized interval. This configuration is highly conducive to the initiation of horizontal 
fractures. The overall influence of this factor depends upon the propensity of a h c t u r e  to 

continue along its original orientation. Both of these effects favor the initiation of a horizontal 
fracture, and neglect of their influence therefore represents a built-in safety factor. Since the 
ability of the fracture to change its orientation cannot b e  evaluated, the value of this safety 
factor cannot be estimated. 

A further built-in safety factor is present in the analysis in the assumption that a Eailure con- 
dition has been reached when any point exhibits an equal possibility for vertical or horizontal 
fractures. By restricting the injections, the critical point can be avoided. Furthermore, even if 

an injection was initiated a t  the critical point, the s t r e s s  distribution in the rock a short distance 
away would favor a horizontal fracture. 

6R. 0. Kehle, “The Determination of Tectonic Stresses Through Analysis of Hydraulic Well Fracturing,“ /. Geopkys .  Res .  69(2), 259-73 (Jan. 15, 1964). 
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Still another built-in safety factor is implicit in the assumption that the critical points from 
the individual injections are superimposed. In the actual case the injections or groups of injec- 
tions are spaced vertically along the injection well, which would distribute the critical points, 
The induced stresses would not therefore be directly superimposed, and the net stresses a t  the  

overall critical point would build up much more slowly. This effect could be  inciuded in the 
analysis by making a series of assumptions abut the  spacing between slots, the volume in- 
jected at each slot, and the extent of the various sheets. 

Conclusions 

The ultimate capacity of the shale formation a t  the present site as estimated from rock me- 
chanics considerations and within the limitations of the analysis appears ta be greater than that 

required for the economic feasibility of the method.' Based on the analysis  of the failure mecha- 
nism, a number of recommendations can be made to avoid, as much as possible, the conditions 
leading to failure by the formatiat of a vertical fracture. The most important of these recommen- 
dations are as follows: 

1. 

2. 

3. 

4. 

As many injections as  poasiblc should be made into a single slot and a minimum distance 
maintained between slots. This  procedure will  tend to increase the mean diameter of the 
grout s h e  relative to the thickness, which in turn decreases the Po pressure and also 
places the critical point at the maximum distance above the sheets.  
T h e  viscosity of the slurry should be as low 8s possible, in an effort to increase the hori- 
zontal dimensions of the sheets. 
No injection should be made higher than 0.3 times the grout sheet  wdius above the lint 
injection. This will prevent &e injection of wastes into the area of the critical points and 
should not unduly restrict the life of the well. For example, at & e  piant site, the first in- 
jection w a s  at 945 ft, with an indicated radius of 670 ft; the minimum depth for injectioas 
would be 

2 a 945 - (0.3) 670 t 744 ft . 
The formation of a vertical facture may be indicated during the breakdown, not the injection, 
phase. Therefore both the breakdown pressure and an instantaneaus shut-in pressure should 
be observed and recorded. If either of these pressures, referred to static conditions a t  the 
level of the facture, is less than the overburden pressure, a vertical fracture is indicated, 
and the injection should not be made into it. It would be advisabie a t  this stage to move up 
to a higher level and try again before abandoning the well.  Analysis of these pressures before 
waste slurry is injected into the fracture w i l l  therefore pnvent  a release a€ activity, and the 
few hundred gallons of water injected with the fracturing p d u n  should not extend a ver- 
tical fracture far enough to allow entry of groundwaters. 

- 

'H. 0. WcQI.cn. "Cost Estirnatsr for Hydrofracture Facilities." memo to E. G. Sjtwntsa, Juat 21, 1963. 



13. Preliminary Cost Evaluation 

No engineering report is complete without a discussion of the costs  involved, and this chapter 
i s  an attempt to evaluate the cost of waste disposal by hydraulic fracturing. The first part sum- 

marizes the actual cost experience at the Oak Ridge plant, including the capital investment in 
plant and equipment and the operational casts. 
tions to total cost of the various cost components and the effects of widely varying conditions. 
Hopefully, this analysis will provide s o m e  insight into the expected cost of using the method at 
other sites. 

The second part considers the relative contribu- 

COST EXPERIENCE AT ORNL 

Several major difficulties were encountered in the effort to collect data on the costs actually 
incurred at the Oak Ridge plant. 

The first of these was the fact that construction of the plant was started nearly five years ago. 
Although a finely detailed breakdown of these expenses probably could have been obtained, the 
data are so deepIy buried that the effort required to retrieve them was considered to be excessive. 

Second, the development program was very much a team effort involving personnel from several 
divisions within the Laboratory and several outside contractors. This division of responsibility, 
while necessary to the success  of the program, further obscured the cost  data and made it difficult 
to carry a complete running summary during the course of the program. 

Finally, the most serious difficulty was the fact that in this type of situation, it is almost im- 
possible to separate the costs  associated with the research function from those attributable to 
operation. Since only the operational costs were  desired, every cost item had to be examined and 
a decision made a s  to what part of the expense, i f  any, would have been incurred in an operating 
plant. A s  a consequence of this disregard of the research costs associated with the operations, 
it  was necessary to discard the operational data from the f i r s t  four experimental injections. These 
injections were primarily concerned with the testing and checking of the plant and equipment and 
therefore would grossly misrepresent actual operational costs. Salary costs  for the scientific and 
research personnel associated with the project were excluded also. 

Most of the cost figures were obtained f rom actual invoices or work orders. Where this was 
not possible, the figures were estimated based on published prices or standard cost-estimating 
procedures. Only in a few cases  was i t  necessary to rely on someone’s memory of the situation 
or to make a “ball park” cost estimate of a specific i tem.  

230 



... .... 

r 

* ... 

231 

Capitai Costs 

The capital costs actually incurred in the design and construction oE the hydraulic fracturing 
plent cat Oak Ridge arc shown in Table 13.1. One observation well and me rock cover monitoring 
wtdi were considered adequate (in Ugbt of present knowledge) for starting operations WM though 
eight or ten of each will  eventually be constructed at the Oak Ridge site. Both the injection well 
and the observation well am cased to 1050 A, and the figures given in Table 13.1 include the 

costs of the drilling at Oak Ridge, which are samewhat highes than would normally be encounteaed 
because of the research requirement of the program. The “plant equipment” item in Table 13.1 
indudes all the rnedmnicd apparatus installed initially; additional equipment  added later is de- 
tailed under “modifications.” Some of the equipment, particularly the waste storage tanks, was 
obtained on U.S. Government surplus, and the estimated open market price of this equipment is 
given as the last entry on Table 13.1. Tht finit subtotal figure of S400,400 -resents the initial 
construction costs of the ORNL fracturing plant. Cornparison with the USAEC Erective Authori- 
zation figure (dated October 19,1964) of $400,473 for this work suggests that the summary in 
Table 13.1 is reasonable and that no major items have been overlooked. 

Table 13.1. Actual ORNC Capital Costs 

Enghmarinq deaign S 46,300 

Infecttan wel l  22,600 

W a r o 8 t i o n  8nd rock Cover tn0nitd.q w e h  (1 e8ch) 25,800 

Plant equipment 

Aarhaae orders 5146,000 

ORNL labar and o r a h e a d  29,873 

Total 

pirot eoastrcrction (1abor-m8teriaLsv~esd) 

Emtt-gencp trcmch 

Wasta t r a d e r  fine extension 

subtotal 

Modiffcationrr 

M..s flowmeter 0 5,000 

Dust collcctioa system 3, OOo 

Modi f iC i t iOU o f  waste tanka 25,000 

New power Line 

T O W  

subtotal 

$175.800 

$119,700 

1,200 

9,000 

woo. 400 

27, OOO 

5 68,OoO 

$460,400 
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Operating Costs 

The actual operating costs  a€ injections 5 through IL’N-2 are itemized in  Table 13.2. As was 

mentioned above, the experimental aspects of the first four injections made it inadvisable to use 
the cost data fnw these injections. In the table the Halliburton charges were taken directly from 
invoices and do not include the expenses of a development engineer who plodded engineering as- 
sistance for each injection. All the costs of the dry materials were taken from invoices or de- 

livery slips. 
quired for a given mix formulation. This is because of the allowance for spillage and for material 
used both before and after the wastes are injected. Therefore t h e  dry material cost  p e r  gallon 
may not agree exactly *pith the theoretical unit costs. The “ORNL services” are based on the 
manpower requirements during an injection and immediately preceding the injection (for dry solids 

The quantities delivered to the site usually will be slightly greater than those re- 

Tablo 13.2. Operating Costs 

In jection: 5 6 7 ILW-1 I L W - 2  

Date: May 28, I964 May 19-22, 1964 Aug. 16, 1965 Dec. 12-13, 1966 Apr. 20-24, 1967 

Volume waste (gal): 148,000 64,000 95,000 62,000 148,000 

Halliburton P 5.955 9 7,386 $ 5,205 0 5,939 $ 5,329 
(labor and expenses) 

Dry materials 

Sand $ 112 f 112 $ 66 0 74 

Cement 10,766 4,260 2,069 S 1.526 3,615 

Attapulgite 1.210 1,166 1,166 814 2,535 

Crundite 

Sugar 

609 348 348 310 

90s 2 40 2 40 240 

642 

120 

Fly ash 532 I62 368 

Trensportation 65 6 496 

TBP 482 482 

Total dry materials 913.602 J 6,126 $ 5,077 J 4,030 s 7.836 
ORNL services $ 3,200 J 5,760 P 2,880 $ 2.560 S 2,000 

(labor and overhead) 

ORNL incidentals 2,000 2,000 2 ,000  2.000 2,000 

HP services 1 so 3 00 150 3 00 300 

Specia Is 6,401 1,614 

819,079 Total operating cost 824,907 927.973 $15,312 $1 4,829 

Dry matenills  cost J 0.134 8 0.096 S 0.053 S 0.065 5 0.053 
per gallon of waste 

Total operating cost  $ 0.169 $ 0.437 $ 0.161 S 0.239 P 0.129 
per gallon of waste 
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M d n g ) .  The “ORNL incidentals” item i s  an estimate of the amount of work doac at the plant 
between injections in the form of routine inspection, maintenance, and cleaaup. Both of the 
ORNL itcms include an overhead factor consisting of electrical power, water, fuel, administration, 
and security. At ORNL these charges are distributed according to the man-baxs of &fort, and 
there is (10 way to obtain wen &! estimate of a c t d  overhead at tbe hydraulic frecturing piaat. 
It ares necessary to indude a “specials” charge for injections 6 artd ILW-2 to cover the unusual 
and wntccllrring expense of equipment rnaifuactioa For injection 6, this charge includes $1725 
for the purchase of contaminated material from the Hailiburtoa Company and 64676 to construct 
another waste pit. During injection ILW-2, $918 was spent to replace contaminated Halliburton 
equipment and $696 on decontamination. The difficulties with injection 6 a n  reflected in the ab- 
normally high cast per gallon of waste ($0.44). 

”he cost of pumping waste to the disposal site (except for the installation of the line) is not 

included as an operational expense. This charge would be incurred regardless of the method of 
waste disrposd employed and should be considered in any waste management evaluation but per- 
heps sbouid not be  charged dinealy to the disposal opcratioa. No charges were made for the are 

drilling and logging, the rods cover well  monitorin& or the surface uplift measurements. Theso 
were considered to be within tho realm of research. Howevtr, in any disposal f;zdlity, it w i l l  be 
necessary to monitor undergrotmd dispersion of the gmut sheets and the respoase of the c o v e r  
rodc in some as yet unspecified way. 

COST PROJECTION 

In orckr to examine the costs of optrating a hydrauiic fracturing waste disposal plant under a 

wide range of conditions such a5 might exist at some other (especially mmntardai) site, it is nec- 
essary to make several ~ S S U U I Q ~ ~ O ~ S  concerning the unit costs. These assumed values are given 
in Table 13.3. The $800,000 capital investment figure was estimated from the Tahle 13.1 total of 
$!W,OOO (in 1963 dollvs), which at riormd price increases m u i d  now be worth nearly $7O,oOO, 

Table 13.3. Proiocted Costs of Disposal by Mydtofmcturing 

Capital investment (in 1968 dollars) 800.000 (~~,000/ytar)’ 
(plant, uquipmcnt, construction, and overhead, includlpqt one obrartreShl 

wmu .nd o i ~  rock cover moat-  well) 

Dry solids (WgrI) 0.06 

OXWL soppait (S/injectioa) 
(rnai.ah-8, bls-g, health physics, etc.) 

Mcraitoiiao (Wyear) 

6.000 

4.000 

25,000 
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a d  by assuming that an operating facility might necessitate a somewhat larger capacity or higher 
quality equipment amounting to abaut'an additional $lOO,a)O. 

This estimate of the plant capital costs, b a n g  based on the Oak Ridge experience, tacitly as- 
sumes that the postulated plant is of about the 5ame size and of similar design. Conditions at  

any real pmposed plant may be  so different that the cost  projections presented here are no longer 
valid. For example, on-site waste storage may not be  necessary, thereby eliminating the sizable 
expense of the tanks, or the waste production rate may be several million gallons per year, neces-  
sitating a complete redesign of the mechanical equipment. 

Bth t he  operating experience a t  the ORNL plant and the theoretical work on mix development 
indicate that a dry solids cost of $0.06 per gallon can be maintained easily and that it will be 
very d i f f i d t  to reduce this figure appreaably without a relaxation of present mix specifications. 
The estimate of $6000 per injection for the operating crew is based on Hailiburton cos t s  to date 
(Table 13.2) and can be expected to continue a t  about the same rate regardless of the choice of a 

subcantractor to provide this  senrice. Also, our operating experience indicates that each injec- 
tion will r q u i r e  approximately %4OOO for ORNL labor and overhead, principally for blending the 
dry solids, health physics monitoring, maintaining the equipment between injectioas, testing the 
mix formulation for particular wastes, and other incidentals. 

A charge of $25,000 per year was estimated to cover the cost  of monitoring the undergmund 
behavior of t he  grout sheets and the behavior of the cover rock. This figure was obtained by as- 
suming that, regardless of the eventual monitoring procedures and the  utilization rate of the  dis- 
posal formation, monitoring would require approximately one-half t ime  of a professional engineer 
and an average of $10,000 per year of services (in the  form of coring, logging, and/or surface 
leveling) for the lifetime of the plant. This estimate of the cost  of monitoring, which r epesen t s  
a sizable proportion of the total cost  of disposal, contains a faifly large safety factor to cover 
our present deficiency in predicting failure modes, especialIy of the rocks confining the wastes 
in a safe configuration. As knowledge of and experience with the Oak Ridge facility is gained. 
i t  should be possible to reduce this charge by an appreciable amount. 

No charge was made against the disposal operations for the acquisition ol land a t  the disposal 
site. Presumably, any disposal operation would be associated with some type of nuclear chemical 
plant, vhich, by its very nature, wi l l  require a sizable reservation. The disposal site will be  
located somewhere within this reservation. It wi l l  be  necessary to carry out an extensive s i te  
testing program to coofirm the applicability of hydraulic fracturing at  any proposed site. The COST 

of this  testing program may be significant and should be charged against the disposal operation 
as a capital expense. It was not included in  this  analysis because i t  is not y e t  possible to even 
estimate the cost of this s i te  testing program. This aspect of disposal by hydraulic fracturing is 
currently under investigation at ORNL. 

The variation of the unit disposal cost (dollars per gallon) a s  a function of both the waste pro- 

duction rate and the size of each injection is shown in Fig. 13.1. This figure was constructed by 
assuming that the capital investment funds were borrowed at an interest rate of 4% per annum and 
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Pig. 13.1. Unit Cost os o Function of Wash Produetian Rote and Voiuma o i  individual Iniretlans. 

repaid in M bqud installments of $SS,WK). The l ife of the plant was assumed to be 20 years, at 
w&ich time none of the equipment was considered to be worth sdvrrging. The capacity of the 
Bale formation into which the injections a n  made was assumed to be greater than tie 'XLyear 
waste production. As can be expected with this type of operation, the unit eosts decrease  very 

rapidly a s  the rate of utilization (waste production ate)  imreases.  The umt costs also decrease 
a s  the size of the individual injection is increased. Both of these factors will be examined in 
more detail below. The unit costs skoton in Fig. 13.1 range from over $1.00 per gallon for a 
40,OOO-gal injection every five moitths (100,O~ gal/year) to approximately W.20 per gallon when 

a million gallons of waste per par are disposed in lsO,OOO-gal injections. 
Figure 13.1 suggests that further increases in the size of each injection above 150,000 gal 

will serve to decrease the overall cost by much smaller amounts. This is borne out in Fig. 13.2, 
where the influence of the size of the injected batch is shown ovex a wide range. This figure was 

consttuctod using the same assumptions as for Fig. 13.1 wi th  a waste production rate of 400,000 

gal/-. A s  can be seen, a b e  a batch size of 160,000 gal, only about $0.01 per gallon, or 3%. 
i s  saved for each 4Q,oOO-gd incrementai increase in batch size. This result is obtaned even 

under an assumption that larger injections can be carried out without increasing the operational 
costs, whicfi are largely labor. Actually, there would be  a small increase in these charges and 
a slight increase in capital expenditure for larger on-sritt tank storage capacity. This would tend 
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Fig. 13.2. Influence of Sire of Individual 1njoc)ions on Breakdown of Costs. 

to flatten out the curve of Fig. 13.2 even more. It would appear therefore that for waste produc- 
tion rates of up to a b u t  a million gallons per year, the present routine batch s i ze  of 150,000 to 
160,000 gal used at  O W L  is probably about optimum. At a waste production rate of 400,000 
gal/year, this size of injection wi l l  cost  about $0.32 per gallon. The relative contributions of 
the several factors making up this totai cost  are also shown in Fig. 13.2. These are, per gallon: 
dry solids, $0.06 (as per assumptions in Table 13.3); monitoring, $0.06; capital, $0.14; and opera- 
tion, $0.06. Further significant cost reductions in the dry solids and operations areas due to 
technological developments do not appear promising at this time, and the monitoring charge p r o b  
ably represents a minimum estimate. Therefore it would appear that any fu tue  reductions in the 
uni t  cost would require a manipulation of the capital charges, and this is outside the scope of the 

present evaluation. 
These capital charges are l e s s  significant i f  the equipment is utilized a t  a greater rate (larger 

rate of waste production) and much more significant at a lesser rate of utilization. Thas feature is 
shown in Fig. 13.3, where the cost components are plotted as a function of the waste generation 
rate €or an injection batch size of 150,000 gal. Of course, the unit cost continues to decrease 
with increasing utilization, but this reduction becomes less significant at  waste production rates 
above about 500,OOO gal/year. This suggests that (Erom the cost  point of view), optimum utiliza- 
tion of disposal by hydradic fracturing will require a facility such a s  a chemical reprocessing 
plant whch  produces at least  400,000 to 500,000 gal of wastes per year. Other considerations, 
such as safety, may lower this minimum requirement. 
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Previous investigations of the mechanical behavior of the host shale into which the slurries 
ar t  injected' suggest that the capacity of the shale formation may be limited. This limit might 
require the coastnrction of a new disposal facility at intervals ol less than the 20 years which 
was assumed in the previous discussions. The effect of this limited capacity of the formation 
on the unit costs of disposal is shown in Fig. 13.4. This figure was constructed by assuming 

'R. E. B~MCO and F. L. Patkacsr, wU8te Treatment and Dis~msal  Samiamual PIU&USS Report, July  to 
December 1966, ORNL-TM-1887 (November 1967). p. SI. 
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that $250,000 of the capital investment would be i n  the form of pumps, engines, tanks, and other 
equipment which have a 20-year usable lifetime and which can be salvaged at  any time up to 20 
years. The remaining %550,000 capital would have been invested in wells, buildings, and con- 

struction labor and would have a lifetime equal to that required to fill the capacity of the forma- 
tion. These two items were then amortized over their respective periods (at  4%) to give the an- 
nual and unit capital charges. If the capacity of the formation is taken to be 4 x 10' gal, there 
is no cost penalty when the waste production rate is l e s s  than 200,000 gal/year, since all of the 
equipment would have to be replaced (assuming a 20-year life) before the capacity of the formation 
had been reached. At a waste production rate of 400,000 gal/year, a capacity of 4 x l o 6  gal would 
raise the unit cost  from $0.33 to $0.395 per gallon. However, if the capacity of the formation is 
8 x lo6 gal, there would again be no penalty. In general, for a 4 x 106-gal capacity, there would 
be a s m a l l  cost  penalty at  higher waste production rates, but this  penalty becomes insignificant 
for all waste production rates if the limiting capacity can be raised to 8 or 10 x l o 6  gal. 

CONCLUSIONS 

Although the hydraulic fracturing disposal operations carried out at  OFWL were  largely de- 
voted to research and development of the technique, s o m e  of the cos t  experience can be used a s  
a basis  for estimating the unit costs of an operating facility. Based on the  analyses presented 
above and within the constraints of the assumptions, it is possible to draw several =levant con- 
clusions concerning the economics of waste disposal by hydraulic fracturing: 

1. 
2. 

3. 

4. 

An optimum-size injection would appear to be in the range of 120,000 to 180,000 gal. 
To be most advantageous economically, a hydraulic fracturing disposal plant should be uti- 
lized at the rate of at least  400,000 to 500,000 gal/year. 
A formation with a capacity limited to 4 x 10' gal would exact only a s m a l l  financial penalty 
from the operation, while a capacity of 10' gai represents no penalty at  all. 
With a plant disposing of 400,000 gal/year in 150,OOOgal batches, the unit cost  would be ex- 
pected to be about $0.30 to 0.35 per  gallon, of which $0.12 to 0.15 per gallon represents the 
capital investment charges. This unit cost  will be much smaller if the size of the plant is sig- 
nificantly increased in order to handle much larger volume. 

This estimated unit cost can be compared with an estimated $0.30 to $0.35 per gallon' for per- 
manent tank storage of intermediate-level wastes and is we11 within a competitive range with 
other treatment and disposal methods for intermediate-level wastes. 

COST OF FIRST AND SECOND FRACTURtNG EXPERlMENTS 

The costs of the two preliminary experiments am shown in Table 13.4. The figures are of in- 

terest in themselves, and they suggest the scale of operations required for a very complete site 

investigation. However, the tes t  program required to determine if a new si te  were suitable for dis- 

posal by hydraulic fracturing could wel l  be substantially less expensive. 

J. 0. Blomckc, private communication. 
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Table 13.4. Costs ob Fracturing Expmriments 

First second 

2.737.14 

534,194.70 

6,814.86 2 7,396 .os 

5,438.30 

6,778.95 

Injection operatioa 
18.254.85 67,079.47 Test dtillia(z (to Oct. 1. 19611 

Pninjactitnl core hole 

injection well 

Incidentals 

O m  support (includar tiltmeten) 

813.44 

21.V26.55 

$139.422.79 
Totd,  both exparknents $173,617.49 

5 13,899.25 

5,220.91 

34.21 

$ 19,154.37 
QUld tot81 $192,771.86 

___._ 

Deep test hole (3263 fi) 

ORNL support 

Incidant.ls 

_II__ 

...... 



Appendix 

PRESSURE DROP FOR NON-NEWTONIAN FLUIDS 

The flow equations for non-Newtonian fluids art as follows: 

where 
APf = pressure drop (psi), 
V = fluid velocity (fps), 
p P fluid density 3 14.1 Ib/gal for this slurry, 
D = diameter (in.), 
L = length o 1000 ft (assumed), 
n' = 0.84 for this slurry (dimensionless), 
K' I: 0.0099 for this slurry (dimensionless), 

= Reynolds number (dimensionless). N sz 

For a flow of 500 gpm in tubing with D = 2.441 in., 

1.86 (34.3)'-16 (14.1) 

0.0099 (%/2.441)Oa8' 
N€te -- = 7270 , 

f = 0.0056 , 

0.039 (1000) (14.1) (34.3)2 (0.0056) 
2.441 

= 

= 1480 psi. 

240 
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In an annullls with 

4 (10.6) 
= 1.79 in. 

De n(4.67 + 2875) 

artd 

A = n/4 (4.6702 - 2.87S2) = 10.6 in.' , 

for a flow of SO0 gpm 

V =  

%. = 

f =  

1.86 (15.1)1-16 (14.1) 

0.0099 (96/1.79)0* *4 
= 2230, 

0.007 , 

0.039 (1OOO) (14.1) (15.1)' (0.007) 
1.79 4 = 

~ 4 9 0  psi. 

VELOC1"Y ATTAINED 8Y A PIPE FRAGMENT IN THE EVENT OF A RUPTURE 

Particles 1 ia. in diameter and smaller can go though the interstices of the roof gsuting and 
hit  the '/,-in.-thick roof plate. Particles larger than 1 in. in diameter will hit the roof grating 
and thus distribute tfre impact load. Since the hazard is different, the two eases are considered 
separably. 

also further restrained by piping connections, valve handles, ctc. The largest unrestrained 
p iece  of equipment that seems likely to became a missile in the event of 8 rupture is a fragment 
of the plug centaur, which is on the top of the wellheed assembly. A sudden fracture of this 
piece OP equipment could propel a SO-lb m a s s  against the hatch of the wellhead cell with appre- 
ciable velocity. This possibility is considend in detail below. 

During an injectioa the wellhead components are chained to the floor of the cell. They are 

Arwmptionr 

1. Injection pressure is 3500 psi. Piping is filled with grout (p t 14.1 lb/gal). 
2. Compresaibilities of grout and water are identical. (No data on p u t  compressibility are 

available.) 
3. Depressurization will proceed down the grout-filltd tube at sonic velocity (5414 fps). 
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Diameter of plug container, 3.S'in. = 0.291 ft. 
Cross-section area of tubing string, 0,0325 ft2. 
A sketch of the situation being considered is shown below. 

HATCH 

n 

E S C A P I N G  FLU10 
r"l 

PRESSURE = P 

A D V A N  C I N G  DE PR ESSU R I ZATl ON 
WAVE ( V E L O C I T Y =  5 4 1 4  f p s )  

I 1 PRESSURE = 3500  p s i  

Metbod of Solution 

A short time interval is chosen. In this interval the pIug container will have been forced 
upward a short distance by the fluid pressure, a small quantity of fluid wil l  have escaped through 
the crack formed by the upward movement of the plug container, and the depressurization wave 
will have traveled a short distance down the tubing string. A mass balance that equates the 
volume increase of the depressurized fluid with the sum of the volume of fluid escaping and the 
volume increase caused by the movement of the plug container is used to determine the pressure 
in the depressurized region. With the fluid pressure known, the velocity of the plug container 
and the distance traveled during the time interval can be calculated. Another t ime interval is 
then chosen, and the above calculation is repeated. 

For c = 0.0005 S ~ C :  

length of pipe depressurized = 5414 (0.0005) a 2.707 ft , 
weight of volume increment = (density difference) (volume depressurized): 

AW = 0.0325 (2.707) ( P , , ~ ~  - p) - 
(y3:) 

= 0.149 (62.6409 - p )  Ib , 
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14.1 
8.33 

weight of fluid WCRphg through crack = nap - (orifice velocity) (acceleration of 
*3 c 

plug container) - 
6 '  

otifice velocity = 0.61(2$ AH)"' . 
(For terms that are pressure dependent, an average of the initial and final values is used.) 

(14.1) (7.48) I orifice velocity 3 0.61 

t S.74p"Z fpcs 

(35oo)'/* + p l ' 2  
91 5.74 2.87 (S9 +. P " ~ )  , 

2 

force (p) (0.052) (32.2) 
acceleration = - - 32.2 = - 32.2 

m e s s  so 

. 16900 + 4 . 8 3 ~  - 64.4 
2 

I 

14.1 
8.33 

(I6900 + 4;;"~ - 64.4 
weight of fluid escaping = IT (0.291) - p (2.87) (59 + p ' *) 

= 4.64 x 10"" p ( 5 9  + p"') (16900 + 4 . 8 3 ~  - 64.4) , 

volurae expansion (due to movement of plug container) 

= (ma) (distance moved) (density) 

14.1 
8.33 

3 0.052~ - (acceleration) 

(16900 + 4 . 8 3 ~  - 64.4) (0.25 x 

2 2 
I 0.0878~ 

= 5-49 x 10-9p(16900 t 4 . 8 3 ~  - 64.4) , 

weight of volume increment P weight of fluid escaping plus weight of volume expansion: 

0.149(62.6409 - p )  = 4.64 x lO-"p(59 + ~'/~)(16900 + 4 . 8 3 ~  - 64.4) 

+ 5.49 x 10'qp(16900 + 4 . 8 3 ~  - 64.4) . 
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Values of specific volume of water a s  a function of pressure are shown in Fig. A.1. 
A tr ial  and error technique is used to solve the above equation. The pressure at t, = 0.0005 

i s  thus 

In this 

found to be 2750 psi. Then 

fluid increment = 0.01985. 

16900 + 13235 
2 

a = average acceleration = = 15067 f t / s ec2 ,  

velocity at t = 0.0005 = 7.53 fps , 

ut2 

2 
distance at t = 0.0005 P - = 0.00188 ft. 

fashion the fail of pressure in the wellhead is calculated. This change of wellhead pres- 
sure and also the missile velocity are shown in Fig. A.2. The maximum missile velocity is 

about 16 fps. 

4000 

3000 

c .- 
a? 
0 

W 

- 
a : 2000 
;n 
'A r 
a 

i ooc 

a 

ORNL-OWG 64- f O 6 6 5 A  

I 
I 

I I 

0.01596 0.01600 0.01604 0.01608 0.01612 
SPECIFIC VOLUME ( f t 3 / l b )  

Fig. A.1. Density of Carnpnssed Wamr. (From Thermodynamic Propcrriea of Steam, Keanan and Kayos.) 
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The hatch of the wcuhead cell is 2 f2 8 in. above the pIug container. Wi& on initid velocity 
of 16 fps, 

from this equation it is found that 

t P 0.208 scc 

and thus the impact velocity will  b e  given by: 

I-' 3: 16 - 32.2 (0.208) = 9.7 fps , 

Thc hatch is 3 ft square. It is constructed of t-in. steel grating covered with a t-h. steI 

plate. The hatch is held down by eight bolts '/z in. in diameter. 

1. The grating will distribute the impact load to the periphery of the grating. 

2. Upon impact, the missile is decelerated at a constant rate. 
3. Impact loading is twice the static loading. 
4. The hatch is c k d a r ,  not sguart. 

For calculation of the impact load the following assumptiom are mede:  



A stopping distance in assumed. The deceleration rate and force required to produce this rate 
are calculated. If 

d =  0.1 in. = 0.00833 f t ,  

then 

at2 

2 ’  
0.00833 a 9.Tt - - 
Y,= 0- 9.7 - at.  

Thus 

9.7t 

2 
0.00833 = 9.7t - - , 

from which 

Q = 5630 ft/sec’ , 

50 lb 
32.2 

F = - (stso) = 8750 ib . 

For a circular plate, edges fixed and the load distributed in a ring, the equations for deflection 
and stress are: 

max y = 
2 xErn’t3 

3w 

2 T t 2  

sr = - ( 1 - ;). 
For a = 18 in. and ro = 16 in., these formulas simplify to 

max y t 3.47 x w , 

S r =  1.605~ I 

For the assumed 0.1 in. deflection, w I 28,800 Ib. This is greater than twice the force cal- 

culated above, so the CaIculation is’repeated with a smaller assumed deflection. The final 
values are 

‘R. S. Roork, Fomnrlas for Stress and Strain, 3d ed., p. 196, McGmw-Hill, New York. 
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p 0.093 in. , 

w = 22,500 lb, 

..... 

This vdue for Sf i s  wei l  below the yield stxtss. 

reguited to shear these bolts. The calculated force is well below this value. However, an 
uneven shear stress distribution couid be troublesome. 

If the shear stress on the t i d o w n  bolts is evenly distributed, a force of 62,700 lb wodd be 

A s m d l  pipe fragment could b e  formed by the rupture of any piece of high-pressure equipment. 

For the calculation of the fragment velocity, it is  assumed that the propelling fmce is exerted 

until the fragment has traveled beyond the wall of the pressure container; aftet this the propelling 
force dtops to zero. 

The fragment is assumed to be 1 in. in diameter and 0.81 in. thick: 

7 480 lb/ft3 
4 1728 

mass = - (I)~ (0.83) = 0.1767 Ib , 

(3500 psi) (0.785 ina2) (32.2) 
acceleration = - 32.2 

0.1767 

arta 

2 
distance 0 0.5 in. n 0.0917 ft = - , 

i~ 4.08 x 10" sec , 
t ime=[ 0.0417(2) ] 

500,000 

velocity = at = S x io5 (4.08 x = 204 fps , 

1 1 0.1767 
2 2 32.2 

hetic  tnergy = - my2 - (2O4I2 I 114 ft-lb 

.p 114 ft-Ib/in. 

This is far beiow the 1400 ft-Win. required to penetrate a t-in. plate. 

the cell is calculated from the formula 
The impact force of a 50-lb m a s s  with a velocity of 10 fps against the concrete block wall of 
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where' 

r 3 time of impact x 

= 2.9 x sec , 

1 
= 2 (&) (10) ( ) = 10,400 lb . 

2.9 10-3 

The actual impact force  i s  usually twice that calculated by the above formula; thus the impact 

force is about 20,000 Ib. 
Each concrete block i s  held in  place by about 1200 in.' of mortar. The impact f o r c e  would 

produce a shear stress of about 17 psi, far below the mortar strength. 

ENTRAINMENT TO WASTE TANK FILTER 

Assumed: 

Flow per spargcr = 4 scfm . 
Total flow at one time = 16 s c f m .  

Solution activity = 0.015 curie/gal (5.6% Sr, 87.5% Cs, 4.9% Ru). 

Particle concentration3 = IO mg/m3.  

Particle s ize  distribution: a s  shown in Fig. A.3 (from Fig. 1 of ref. 3). 

Filter efficiency = 99.!37% for particles larger than Q.3 fc 

= 95% for particles between 0.3 and 0.1 p 

= 0% for particles smal l er  than 0.1 fc . 
Concentration of particles in filtered air 

= 10 mg/m3 [1 - 0.9997 (0.835) - 0.95 (0.08)1 = 0.89 m g / m 3 .  

Solution activity 

= 0.015 curie/gal (&-) (5) = 0.003% pc/rng. 

2D. Tabor. The Hardness of Metals, pp. 13142, Clarendoa Press, 1951. 
3Asaurncd similar to that calculated in Hazards Report for h i l d i n g  2527. ORNL-CF-60-5-22. 
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Pig. A.3. Partielo 38xe Distribution ai Q Stable A m s o t  Which Has Encountorod k v o r o l  Changos of 
Dimetion in o Pipdino. 

Concentration discharged 

0.003% (0.89) ('-> (&) s 3.4 x 
28300 

pc/cm3 

(1.9 x 1o-'~c(c/cm Sr , 2.98 K gc/cm3 Cs, 1.67 x 10"O gc/cm3 Ru). 

Airborne MPC for atomic energy workers for 40-hr week:' 

5 3 x 10"O p c / c m 3  * 

13'Cs = 6 x loeu pc/cm3. 

loSRn = 8 x loda p d c m "  

Appmach to MPC: 

9 0 S ~  = 63%. 

l3'cs p. 5%.  

Fmrn report of ICRP Comnuttee w Pemrisaible Dose for Intsmai Ratfiation (1959). 4 
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MAGNITUDE OF DETECTABLE LEAK IN WAStE TRANSFER LINE 

Assumed: 

Stream flow at average rate and with average radionuclide cornpasition (Table A.l)* 

Flow rate = 198 x lo6  gal/month. 

Activity = 1-02 curies/month. 

A reading of twice background indicates a leak. 

Waste concentration = 0.015 curie/gal. 

1.02x IO6 

198 x IO6 
Normal background : (A) o 1.36 x pc/ml.  

A leak that contributes 1.36 x lo-' pc/ml is detectable. 

30 x 24 x 3600 
(198 x 106) x (378s) 

Leakrate = 1.36 x 

= 0.1 m l / s e c  . 

Table A.1. Flow ond A c t i v i t y  in Whir. Oak Creak 

Activity (mrics) Flow Date Reference 
(gd) Sr co Rll Total 

x 106 

June 1963 
May 
April 
March 
February 
January 
December 1962 
November 
October 
September 
August 
July 

149 
167 
155 
563 
234 
198 
181 
198 
138 
149 
124 
113 

0.3 

0.4 
0.3 
0.5 

0.3 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.6 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.05 

0.03 
0.03 
0.003 
0.3 
0.1 
0.2 
0.1 
0.1 
0.1 
0.1 
0 
0.1 

0.3 
0.5 
0.4 
0.9 
6.3 
0.5 
0.4 
0.4 
0.5 
0.4 
0.4 
1.3 

CF-63-84 
C F 63-6-44 
CF-63-5-75 
CF-63-5-14 
CFd3-4-3 
CF-63-3-39 
CF-63-1-73 
CF-63-1-23 
CF-62-12-2 
CF-62-11-26 
CF-62- 10-39 
C F 8  62-8-7 

Total 2369 3.6 1.15 1.19 12.3 
Av 198 0.3 0.096 0.1 1.02 
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RAAMATION EXPOSURE DOSE RATES 

Case A 

Five feet from sump tub containing 200 gal of cement grout with 12 in. of concrete shielding. 

Assumed waste activity s 0.015 curic/gd. 

Grout activity J 0.0112 curie/gd. 

Total curies in tub 9 0.0112(200) = 2.24. 

It is assumed that the waste was irradiatd for 3 x 10' sec at a flux of 3 x loL3 and cooled 
for three y a m .  For these conditions the four energy groups will be present in the ratios given 
be1ow:s 

I 0.15 1.9 x 10'" 40 

11 0.67 2.7 x 10'" 56.8 

I V  2.4 4.0 x 1 0 - l ~  0.843 

m 1.6 1.1 x lo-1z 2.32 

(2.24 curies) (3.7 x 10 O) = 8.28 x 10 l o  didsec in tub . 
Group I: 8.28 x 10'o(O.JO) = 3.31 x 10" dis/sttc = 4.96 x 10" ev/aec. 

Group 11: 8.28 x 10'o(0.S68) = 4.71 x 10" dis/sec a 3.15 x 1Ol6 ev/sec. 

Group III: 8.28 x 10'' (0.0232) 1.92 x lo9 dis/sec = 3.07 x 10" ev/sec. 

Group IV: 8.28 x 1010(0.00843) = 6.98 x 10' dis/sec = 1.67 x 10'' ev/sec. 

it is assumed that the sump tub is shaped like a vertical cylinder 4 Et in diameter and 2 f t  

hgh. For a volume soufie of this geometry: 

'From J. 0. Blomeke aad 51. F. Todd, U3" Fisaicn Prodtct P d c t i o n  I S  d Functian of Flux. 
Irradiaticn Time, and Decay Time, ORNL-2127. 
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where 

R = 24 in. = 61 cm , 

a = 5 ft = 152.5 cm , 

I Group E (MoY) V V R  vz =r V Z +  6 t  

I 0.15 0.32 19.5 4.13 12.9 ~m 5.55 lo9 14.1 

II 0.67 0.2 12.2 3.4 17 4.17 x 101O 8.93 

X 1.6 0.13 7.9 2.74 2 1  4.07 x 109 6.74 

IV 2.4 0.105 6.4 2.34 22.3 2.21 lo9 5.70 

3.5 x 10" S,(3720) 
F(s6B*) 8 2 (I52.S t 2) E A  = 

6.51 x 

* r  152.5 + 12.9 
E =  (6.55 x lo9) (1.3 x loe7) = 3.36 x lo-' , 

6.51 x 10" 
A~~ 152.5 + 17 

E =  (4.17 x 10") (2.1 x = 3.36 x lo2 , 

6.51 x 
= (4.07 io9) (1.9 10'~) = 2.9 ioz , 

E A ~ r r  152.5 + 21  

6.51 x lo'* 
152.5 + 22.3 

- - (2.21 x 10') (6 x 10"') = 4.93 x IO2 . 

(Values of V, VZ, and F ( b B * )  are from APEX-176.) 
Buildup factors (from Nuclear Radiation Shielding, E. P. Blizard): 

Group I 40  

croup xl 10 

Group 5.5 

Gmup IV 3.3 

Dose: 

Group I 40 (3.36 x lo-') (5.4 X 10-5 = 7.25 x lo-' r/hr 

Group IL 10 (3.36 x lo2) (5.4 x LO") = 1.81 x lom4 r /hr  

Group IXI 5.5 (2.9 x 10') (5.4 x 10-9 = 8.6 x lo-' r /hr 
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Care 3 

Four feet above sump tub containing 200 gal of cement grout, no shielding. 

6 = 1.118. 

=-P E V vh sec 4 

I 0.15 Mcv 6.55 x I O 9  0.32 19.5 21.8 

0.20 12.2 13.6 0.67 4.17 x 10" U 

m 1.6 4.07 x lo9 0.13 7.93 8.9 

2.21X lo9 0.105 6.41 7.17 2.4 Iv 

1 I 1.12 

21.8(6.5 x 
1 - 19.5 (8 x lo"*) - 0.89441 + 

3.5 x 10-5(6.55 x 10') 

E A I  = 2 (0.32) 

= 3.79 104 , 

EAII = 3.86 x lo' , 

E 5.78 104 , 
A 111 

= 3.8 104 , 

Total = 5.205 x lo5 . 
Dose = 5.205 x lo5 (5.4 x = 0.0281 r/hr = 23 m r h r  . 

Cas* C 

Four feet above valve pit, no shielding. 
Assuming dose is from two line sources (4-in. pipe), each 14 ft long: 

PS& 
E A = - .  

2na 

12.73 in.' 
(0.015 curie/gal) (A) = 0.000325 curie/cm s' = 23 1 

= 0.000325 (3.7 x 10") 0.1S(0.4) + 0.67(0.658) + 1.6(0.023) + 2.4(0.008) x LO' 
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a = 122 cm , 

4 = 1.4 radians . 

3.5 x 18" (6 x 10") (1.4) 
= 3.84 x 10; . 

E* = 277 (122) 

Dose = 3.84 x 10' (5.4 x 

Dose from both sources = 41.4 m/hr  . 

= 20.7 m r h  

SPREAD OF CONTAMINATION FROM SLOTTING OPERATION 

Assumptions: 

1. 
2. 
3. 

4. 

Contamination on tubing is removed by sand-water slurry during slotting operation, 
10% of "Sr is leached from grout. This assumption is based on leach data. 
After previous injection 200 gal of wash water containing 0.0015 curie/gal was discharged to 
the waste pit. 
A grout thickness of 0.01 in. remains on the interior of the tubing after completion of the 
previous injection (this assumption is arbitrary). 

The source of contamination is the water in the waste pit  that is used for the slotting operation. 

Activity in pit  at start of run: 

(200 gal) (0.OOlS curie/gal) (0.10) I 0.03 curie in waste pit water. 

Activity on tubing string: 

( 2.4:2in.) (q) - 77 (900 ft) (7.48) (0.01s curie/gal) = 0.0537 curie.  

Activity in waste pit water: 

(0.0537) (0.10) + 0.03 = 0.035 curie 

Specific activity in water: 

0.035 
= 6.5 x curie/gal . 

(12) (12) (5) (7.48) 

Liquid holdup on 30 €t of tubing (assuming '/3* in.): 

0.031 
7~ (2.44 2.875) (:) (?) (7.48) = 0.81 gal. 
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Activity holdup: 

(0.81) (5.5 x = 5.25 x 10" curie. 

"Sr holdup: 

(0.056) (5.25 x P 2.94 x IO-' curie. 

Maximum allowable weekly intake: 

(3 x 10'" pc/crn3) ( loe6> (5 x lo' cm3//J0 hr) = 1.5 x LO'* curie 

TABLE OF INJECTlONS 

Date 
D@P& 
Liquids 

Synthetic waste 
Water for breakdown 

Solids 
Slurry volume 
Total volume injected 
Activity 

Feb. 13, 1964 
945 ft 

37,300 gal 

40,383 gal 
43,383 gai 

3,000 gal 
23,400 lb Attopulgus 150 

No ne 

Date 

Liquids 
Depth 

Water for breakdown 
Synthetic waste 
Wash water, Feb. 20 
Overdisplacement, 

Feb. 20 
Solids 
Slurry volume 
Totai volume injected 
Activity 

Feb. 20 and 21, 1964 
924 ft 

1,000 gal 
28,300 gal 
3,600 gal 

so0 gal  
192,000 Ib 
37,791 gal 
42,891 gal 
30 curies r9sAu 
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Injection 3 

Date 
Depth 
Liquids 

Water for breakdown 
Waste 
Water to use up solids 

Solids 
Slurry volume 
Total volume injected 
Activity 

Apt. 8, 1964 
912 ft 

2,590 gal 
33,500 gal 

7,000 gal 

65,314 gal 
67,944 gal 

74 curies C s  
4.9 curies Sr 
0.4 curie Ru 
0.1 curie Co 

529,072 lb 

Injection 4 

Date 
Depth 
Liquids 

Water for breakdown 
Waste 
Water 

Solids 
Slurry volume 
Total voiume injected 
Activity 

Date 
Depth 
Liquids 

Water for breakdown 
Waste 
Wash water 

Solids 
Slurry volume 
Total volume injected 
Activity 

Apr. 17, 1964 
900 ft 

2,670 gal 
35,900 gal 

500 gal 

57,467 gal 
60,137 gal 

50 curies C s  
1.2 curies Ru 
0.9 curie Sr 
0.1 curie Co 

398,381 lb 

Injection 5 

May 28, 1964 
890 ft 

1,992 gal 
147,600 gal 
4,271 gal 

211,275 gal 
217,468 gai 
4099 curies Ce 
193 curies Cs 
608 curies Sr 
35 curies Ru 
4 curies Co 

1,037,000 lb 
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Date 
Deptb 
Liquids 

Injection 6A 

Waste 4,400 gaI 
Wash water 18,800 gal 

Solids 16,700 Ib 
Slurry volume 5,670 gal 
Total volume injected 24,470 gal 
Activity Combined with 6B 

Date 
h P t h  
Liquids 

May 22, 1965 
872 ft 

Waste 64,000 gal 
Water to ovtrdigpiace 4,000 gal 

Solids About 384,000 Ib 
Slarry volume 92,800 gal 
Total volume inject& %,800 gal 
Activity (includes 6A) 1562 curies Cs 

330 curies Sr 
2 curies Ru 
1 curie Co 

Date 
Depth 
Liquids 

Waste aaci water 
Water to ovedisplace 

Solids 
Slurry volurne 
Total volume inject4 
Activity 

Aug. 16, 1965 
872 ft 

85,000 gal 
1,550 gal 

587,760 lb 
123,411 gal 
224,%1 gal 
3358 curies Cs 
492 curies Sr 
2 curies Ru 
14 curies Co 
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Injocticn ILW-1A 

Date 

Liquids 
Waste 
Water 

Solids 
Slurry volume 
Total volume injected 
Activity 

37,440 gal 
2,791 gal 

55,000 gal 
57,791 gal 
11,500 curies Cs 
41 curies Sr 
1 curie Ru 
16 curies Co 
20 curies Ce 

250,000 lb 

Iniection ILW- 1 B 

Date 
Depth 
Liquids 

Waste 
Water 

Solids 
Slurry volume 
Total volume injected 
Activity 

Date 
Depth 
Liquids 

Water 
Waste 

Solids 
Slurry volume 
Total volume injected 
Activity 

Dec. 13, 1966 
a72 ft 

26,000 gal 
3,700 gal 

40,197 gal 
40,197 gal 

184,000 lb 

7,600 curies Cs 
38 curies Sr 
8 curies Ru 
3 curies Co 
13 curies Ce 

ILW-2A 

Apr. 20, 1967 
862 ft 

2,000 gal 
81,400 gal 
500,000 lb 
121,805 gal 
121,805 gal 
31,329 curies Cs 
564 curies Sr 
99 curies Ru 
236 curies CO 



259 

ILW-2B 

Date 
Depth 
Liquids 

Waste 
Water to use up solids 

Solids 
Slurry volume 
Total volume injected 
Activity 

Apr. 24, 1967 
862 f t  

64,345 gal 
15,455 gal 
515,000 lb 
108,600 gal 
108,600 gal 
26,350 curies Cs 
474 curies Sr 
199 curies CO 
83 curies Ru 

t 
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