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ABSTRACT 

TAMURA, T., and W. J. BOEGLY, Jr. 1983. In situ grouting of 
uranium mill tailings piles : An assessment. ORNL/TM-8539. 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

102 PP-

Passage in 1978 of the Uranium Mill Tailings Radiation Control Act 

(UMTRCA) initiated a program of remedial action for 22 existing mill 

tailings piles generated in the period 1940 to 1970 as part of the 

nation's defense and nuclear power programs. The presence of these 

piles poses potential health and environmental contamination concerns. 

Possible remedial actions proposed include multilayer covers over the 

piles to reduce water infiltration, reduce radon gas releases, and 

reduce airborne transport of tailings fines. In addition, suggested 

remedial actions include (1) the use of liners to prevent groundwater 

contamination by leachates from the piles and (2) chemical stabilization 

of the tailings to retain the radioactive and nonradioactive sources of 

contamination. Lining of the piles would normally be applicable only 

to piles that are to be moved from their present location such that the 

liner could be placed between the tailings and the groundwater. How-

ever, by using civil engineering techniques developed for grouting 

rocks and soils for strength and water control, i t may be possible to 

produce an in situ liner for piles that are not to be relocated. The 

Department of Energy (DOE) Uranium Mill Tailings Remedial Action 

Project Office requested that ORNL assess the potential application of 

grouting as a remedial action. This report examines the types of 

grouts, the equipment available, and the costs, and assesses the 

possibility of applying grouting technology as a remedial action 

alternative for uranium mill tailings piles. 
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1 . INTRODUCTION 

In 1979 i t was estimated that 1.5 x 108 Mg (1.6 x 108 tons) of 

uranium mi l l ta i l ings had been produced in the United States (USNRC 

1980). Essentially a l l of these ta i l ings are located west of the 

Mississippi River with the exception of one s i te in Canonsburg, 

Pennsylvania. Only a small f ract ion of these ta i l ings existed prior to 

1940 (mainly resulting from radium and heavy metal separations); the 

major portion resulted from ef for ts to recover uranium for defense and 

nuclear power purposes. Although most of the uranium has been removed 

from the t a i l i n g s , the radium associated with the uranium remains and 

represents a potential environmental hazard. Radioactive decay of 

radium produces radon gas, which can be released from the ta i l ings p i le 

causing exposure to nearby residents, while the remaining radionuclides, 

along with other trace elements present in the t a i l i n g s , can be leached 

from the p i le and cause groundwater contamination. 

The Uranium Mi l l Tailings Radiation Control Act of 1978 (UMTRCA) 

ident i f ied 22 inactive uranium mil l sites that contained approximately 

2.5 x 107 Mg (2 .8 x 107 tons) of ta i l ings that might require 

remedial action (USNRC 1980). I t further directed the U.S. Department 

of Energy (DOE) to conduct an engineering assessment of existing 

conditions at the s i tes , determine the remedial action required, develop 

plans and specifications for implementing the remedial action, ver i fy 

the resul ts , and release the sites for unrestricted or l imited use. 

DOE was directed to perform this work because the sites had processed 

uranium exclusively for the government prior to 1970. The sites and 

the approximate amount of ta i l ings involved are given in Table 1; the 
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Table 1. Inactive processing s i tes , p r io r i t i es for remedial action, 
and quantity of ta i l ings 

Location and 
processing s i te 

Remedial 
p r i o r i t y 

Amount of 
ta11ings 
C106 Mg) 

Last year 
of operation 

Arizona 
Monument City Low 1.0 1968 
Tuba City Medium 0.7 1966 

Colorado 
Durango High 1 .3 1963 
Grand Junction Hiqh 2.5a 1970 
Guwnlson ' High 0.6 1962 
Maybe 11 Low 2.4 1964 
Naturlta Medium 0.6 1963 
Ri f le (New Ri f le ) High 2.4a 1972 
Ri f le (Old Ri f le) Hiqh 0.3 1958 
Slick Rock (North Continent) Low o.n? 1957 
Slick Rock (Union Carbide) Low 0.0? 1961 

Idaho 
Lowman Low 0.08 1960 

New Mexico 
Ambrosia Lake Medium : .3 1963 
Shiprock Hiqh 1.9 196R 

North Dakota 
Bel f ie ld Low 0.6 1968 
Bowman Low 0.5 1967 

Oregon 
Lakeview Medium n. i 1960 

Pennsylvani a 
Canonsburg High 0.2 1966 

Texas 
Falls City Med i urn 2.2* 1973 

Utah 
Green River Low 0.1 1961 
Mexican Hat Medium 2.0 1965 
Salt Lake City High 2.0 1968 

Wyoming 
Converse County Low 0.17 1965 
Riverton Hiqh 0.8 1963 

aAt three s i tes, ta i l ings from commerical sales were comingled with 
those from government defense operations. At Grand Junction, Colorado, 
the ra t io is 80% government, 20% conmercial; at New R i f l e , Colorado, 
99% government, 1% conmercial; and at Falls Ci ty , Texas, 34% govern-
ment, 66% commercial. A l l other pi les contain ta i l ings from government 
operations only. (Based on persona 1 comnunlcat ion from J. S. Themelis, 
Director, Engineering and Sifety Division, Grand Junction Off ice, 00E, 
14 March 1980.) 

^Processing s i te on t r i b a l lands owned by the Navajo Nation. 
cThe sites in North Dakota were ident i f ied and designated subsequent 
to the enactment of the Act. Al l other sites were Ident i f ied pr ior to 
the Act and designated by the Act. 

dThe Canonsburg s i te was started 1n 1911 and was used as a custom mi l l 
to extract radium and uranium from ores. (Based on U.S. DOE 1979.) 

eProcessing s i te located on private property wi th in the boundaries of 
the Hind River Indian Reservation. 

Sources: U.S. NRC 1980 and Matthews 1982. 
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locations are shown in Fig. 1. In 1979, additional si tes were 

ident i f ied and added to the l i s t included in UMTRCA, bringing the tota l 

number of sites e l ig ib le for remedial action to 24. The Uranium M i l l 

Tail ings Remedial Action Program (UMTRAP) has been assigned to DOE, 

including responsibi l i ty for these sites and the necessary research and 

development e f for ts . 

A l l of the sites in the UMTRAP have had an engineering and 

radiological assessment performed to define the need for remedial 

action. Based on the results of these assessments, remedial actions 

proposed can be grouped into f i ve general categories. These are: 

(1 ) move the piles to remote locations, 

(2) ins ta l l covers on the piles to reduce radon emissions, 

(3) insta l l l iners where the piles have caused groundwater 

contamination, 

(4) remove the radium and radionuclides from the p i le without 

moving, and 

(5) recontour, revegetate, and fence in the areas involved. 

I n i t i a l l y , the f i r s t a l ternat ive was considered the best approach for 

pi les located in or near populated areas; however, the increase in fuel 

costs has l imited th is option to one s i te (Groelsema 1982). Major 

research and development e f f o r t in UMTRAP has been directed toward 

l iners and covers. Covers that can retain radon for a suf f ic ient time 

period to allow radioactive decay w i l l eliminate concern with exposure 

of the population and can prevent spreading of the ta i l ings by wind and 

water erosion. Single and multiple-layer covers of earthen and 

synthetic materials have a l l shown promise in reducing radon emissions 

(Hart ley et a l . 1982). 
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Fig. 1. Locations of Uranium Mi l l Tailings Sites included in Uranium Mi l l Tailings 
Remedial Action Program (UMTRAP). 
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Natural earth or synthetic l iners can be used to prevent 

groundwater pollution by leachates from the pi les. Liners are most 

applicable to piles that w i l l be moved to another location, because 

l iners could f i r s t be emplaced and then the ta i l ings placed on the 

l ine r . Because most of the pi les do not appear to be causing severe 

groundwater problems at their current locations, l iners would probably 

not be required. Removal of radium and other radionuclides from the 

pi les would require excavating the ta i l ings , t reat ing them, and 

replacing them. The UMTRAP investigated various physical and chemical 

modifications to the ta i l ings such as thermal treatment (Dreesen et a l . 

1982), acid extraction of radium (Dreesen et a l . 1982, Ryon and Blanco 

1975), and chemical s tabi l izat ion (Macbeth et a l . 1978). F ina l ly , some 

of the pi les are located in such remote areas that the provision of 

fencing and general area cleanup is the only remedial action required 

(FBDU 1977). 

Another al ternat ive which may meet the remedial action objectives 

of UMTRAP is the grouting of the pi les as they currently exist using 

techniques conventionally employed in c i v i l engineering for improving 

soil-bearing capacities and minimizing water flow in permeable 

formations. These techniques would not require that the piles or large 

amounts of earth be moved. 

The objective of this assessment is to evaluate the potential 

application of in s i tu grouting as a means of remedial action for mi l l 

ta i l ings p i les . The assessment w i l l include (1) evaluation of the types 

of grouts that could be used, (2) equipment and engineering techniques 

available for such operations, (3) economics, and (4) methods available 
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to ensure that the operation is conducted sat is factor i ly . Also included 

(Appendix A) are case histories in which grouting has been used to 

s tab i l i ze sanitary l a n d f i l l s . The material included in th is assessment 

is mainly generated from l i t e r a t u r e sources and consultations with 

service companies currently performing grout injections; however, a 

l imited amount of laboratory investigation was undertaken at ORNL to 

evaluate the physical and chemical properties of the ta i l ings and the 

compatibil i ty of the grouts and the ta i l ings . Although the impetus of 

in si tu grouting is directed at developing l iners beneath existing 

ta i l ings piles to mitigate leachate migration, the technique could be 

applied to provide covers to reduce radon emanation or to sol id i fy the 

ent ire p i l e . 

During the preparation of this report, i t became apparent that the 

use of grouting techniques to inject chemical, nonsetting grouts might 

also have an application in t a i l i n g piles where, because of cover 

application, ra in fa l l does not recharge the moisture in the pi le but 

where there is a potential for contaminant movement due to existing 

leachate. The injected chemicals would chemically transform the 

contaminants to nonmobile forms but would not "harden" or reduce the 

permeability of the pi les. Appendix B describes th is possible remedial 

action even though the technique is not considered grouting as currently 

defined and practiced. 
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2. TYPES OF GROUTS 

The f i r s t reported application of grouting for geotechnical 

purposes was attr ibuted to Berigny in 1802 (Glossop 1963). A suspension 

of clay and lime was pressure injected to repair masonry voids in a 

bridge foundation in Dieppe, Frence, that were caused by water scour. 

Later, cement grouts were used to seal rock fissures during mine-shaft 

sinking and in mining operations where water leakage was a problem. In 

general, most of the grouting operations performed prior to 1925 were 

directed at hydrologic applications, although some attempts were made 

to u t i l i z e grouting as a means of improving the strength of soils to 

handle heavy loads (Glossop 1963). In 1925, Joosten invented a 

"two-shot" injection process in which sodium s i l i ca te was f i r s t injected 

into the formation, followed by the injection of a solution of calcium 

chloride into the same hole (Joosten 1954). Due to the high viscosity 

of the sodium s i l i ca te used, the i n i t i a l injection did not move f a r 

from the injection wel l , but rather formed a cyl indr ical mass around 

the we l l . By performing a series of these injections at r e l a t i v e l y 

close spacings, the formation was strengthened enough to support 

heavier loads. Glossop (1963) feels that one of the advantages of the 

"two-shot" process is that the minimal grout penetration reduced 

dependence on the soi l properties to ersure a sat isfactory operation. 

Starting in about 1930, single-shot grouting (where the mixture to be 

injected is mixed prior to inject ion) gained acceptance over the 

"two-shot" process, mainly because of the application of new grout 

types (chemical grouts) and better understanding of the grouting 
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process in soi ls . At the present time there are a number of grout 

types being used, depending on the formation characteristics and the 

purpose of the grouting operation. 

Grouting has been u t i l i zed as both a temporary and a permanent 

solution to geotechnical engineering problems. Examples of the 

temporary type are soil s tabi l izat ion during excavation to preserve 

adjacent building foundations, to stabi l ize soil during tunneling unt i l 

a l iner can be insta l led, and to retard water flow into excavations. 

Permanent instal lat ions include cutoff walls under dams. Grouting has 

developed a unique set of terms describing the type of operation being 

performed; penetration grouting is the term used to describe an 

operation in which the natural openings are f i l l e d at low pressures 

[<45.3 kPa/m depth (<2 p s i / f t ) ] without cracking or disarrangement 

of the formation, whereas displacement grouting is the term applied 

when higher pressures are used and actual fracturing of the formation 

is accomplished. Concerns with displacement grouting are the possi-

b i l i t y of surface heaving and the incomplete f i l l i n g of the fractures 

induced by the injection pressures (Houlsby 1982). Caron (1982) places 

soil grouting in three categories, depending on the type of grout being 

u t i l i z e d . His classif icat ions are penetration by f racture, penetration 

by impregnation (void f i l l i n g ) , and f i n a l l y penetration by fracture-

impregnation. Penetration by fracturing is only used in special cases 

where the soil surface must be raised, and cement-based grouts are 

mainly employed for this type of work. An example of penetration by 

fractur ing is the technique used at the Oak Ridge National Laboratory 

where radioactive wastes are mixed with cement-based solids and the 
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slurry grout Injected Into fractures created in shaly rocks (de Laguna 

et a l . 1968, Weeren 1980). Grouting by impregnation requires that the 

grout be selected so that the voids are penetrated without f ractur ing. 

I f the soil is f issured, impregnation grouting can open up these 

fissures and thus allow grouts with larger par t ic le sizes to be 

u t i l i z e d . Otherwise the grout must either contain part ic les of specific 

size l imits or be a true solution with no part iculates present. For 

th is type of grouting, Caron suggested the l imits of permeabil it ies, 

e f fect ive soil par t ic le diameters, and specific surface areas for 

various types of grout; namely, Bingham or par t icu late , co l lo ida l , or 

solution grouts (see Table 2 ) . The f ina l type of grouting, f ractur ing-

impregnation, requires higher injection pressures and flows and produces 

localized fractures that the grout penetrates before passing into the 

s o i l . The fracture is only u t i l i zed to allow a greater surface for 

penetration to take place. 

Grouts can be defined by the materials u t i l i zed to produce the 

grout (cement-based or chemical) or by the physical characteristics of 

the grout (par t iculate , co l lo ida l , or solution). Included in Table 2 

are some of the grout formulations currently in use. 

Cement- and Clay-Based Grouts 

As indicated e a r l i e r , cement- or clay-based grouts were the major 

materials used in early grouting operations to seal water-bearing 

fissures in rocks. Cement-based grouts can be u t i l i z e d where the 

material to be grouted (fractured rock or so i l ) contains sizable voids 

that allow penetration and permeation such that the grout when hardened 
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Table 2. Injeetat>1l1ty of various types of grouts 

Coarse sand 
and qravel 

Medium to 
f ine sands 

Clayey sand, 
s i l t s 

Characteristics of ground 

Permeability (K) (cm/s) 
Effective particle size, 

(dm) (mm) 

K > 10"' 

d ) 0 > 0.5 

10-' > k > ) 0-3 

0.02 < djo ' 0.5 

< < 10-3 

d|0 < 0.02 

Specific surface 
(S) (cm"') S < 100 100 < S < 1000 S > 1000 

Nature of qrout Particulate or 
Blnqham suspension 

Colloidal solution True solution 

Type of qrout applicable Cement 
Cement-clay 
Cement-fly ash 

Clay 
L1me/fly ash 
Sil icate (>30%) 
Llgnosulfonates 

Sil icate («3U») 
Acrylamide 
Phenoplasts 
Amlnoplasts 

Sources: Glossop (1968) and Caron (1982). 

w i l l supply the necessary waterproofing or strength. Using the 

characteristics l isted in Table 2, i t can be seen that these grouts 

require that the formation contain large part icle sizes, low specific 

surface area, and high permeability. 

Penetrating a b i l i t y of particulate grouts (such as cement-based 

formulations) is l imited by the part ic le size of the grout and the 

par t ic le size of the formation being grouted. Mitchell (1970) reports 

that the following ra t io can be used to determine i f the grout w i l l 

successfully penetrate the so i l : 

(d , 5 ) soi l 
Groutabil i ty ra t io = T 3 - ] r - g ? 5 U ¥ > 25 , 

where (d-jg) soi l is the diameter of the soil par t ic le such that the 

weight of 15% of a l l part icles are less than this size (obtained from a 

grain size d istr ibut ion curve of part ic le diameter versus percent size 

f rac t ion by mass), and (d g 5 ) grout is the diameter of grout particles 

represented by 85% of the mass f rac t ion . 
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Cement Grouts 

King and Bush (1961) suggest that Type I Portland cement be used 

for sand-based and lean cement grouts for gravel-type formations, 

whereas Type I I I ( f iner grind of cement and rapid sett ing properties) 

be u t i l i zed for grouting f ine sands. Water/cement (W/C) rat ios of 0.6 

or less are reported to produce optimum grouts; W/C ratios above 3 are 

considered poor grouts (Bowen 1981). 

Portland cement grouts may also be modified to provide lower 

consistency, to control set time, to reduce cost, and to vary the f i n a l 

structural quali ty of the grouts. Arora et a l . (1980) discuss some of 

the additives that can be u t i l i zed to control the properties of cement 

grouts. Fly ash and clay are probably the two most commonly added 

materials in cement-based grouts. Fly ash, in addition to reducing 

cost, imparts increased durabi l i ty to cements. I t is common to add f l y 

ash (up to 20 to 30%) to cements in construction applications. 

Bentonite is the clay most frequently used with cements. Addition of 

bentonite increases water requirements and thus increases s lurry 

volume. However, additions of bentonite increase slurry consistency, 

and a f r i c t i o n reducer such as calcium lignosulfonate is often added at 

less than 1% amounts (Smith 1976). Cement grouts are used primari ly in 

applications where strength is a major requirement, such as in building 

s tab i l i za t ion . 

Clay Grouts 

Most of the clay grouts reported in the l i t e ra ture are based on 

the use of bentonite (usually containing 85% or more montmorillonite) 

and water (Bowen 1981). Because the clay part icles are extremely 



ORNL/TM-8539 12 

small, the grouts formed can penetrate soils with permeabilities less 
o 

than 10 cm/s (Greenwood and Raffle 1963). Clay and water mixtures 

form a colloidal suspension exhibiting non-Newtonian properties. The 

reaction is hydration of the clay with attendant swelling; in contrast, 

cement-based grouts react with water to form new compounds with binding 

properties when dry. Clay grouts, with additions, are commonly used in 

the oil well industry as drilling muds and have gained acceptance for 

applications in slurry trenches, etc. (Bowen 1981). 

Clay grouts are most frequently used for treating soils whose 
_ 2 

permeabilities are less than 10 cm/s. Under such conditions cement 

particles are filtered out during injection, rendering them ineffective. 

Clay grouting is used where strength requirements are minimal and 

reduction of water permeability is the highest priority. In clay 

grouting, the basic mechanism is to inject the clays in pores between 

the particle grains (and not fracture); hence, low pressures are applied 

[<69 kPa (<10 psi)]. 

Lime/Fly Ash Grouts 

Fly ash is a material that is not cementitious in i tself , but when 

mixed with lime will produce a grout that has cementitious properties. 

Not all f ly ashes will produce this effect. Only Type C fly ash (ASTM 

Specification C 593) will produce successful grouts with hydrated lime 

(Blacklock 1982). Normally, lime to fly ash ratios range from 1:2 to 

1:10, with ratios of 1:3 and 1:4 being the most common. Utilization of 

lime/fly ash grout for stabilizing railroad roadbeds and other struc-

tures has been successful (Blacklock and Lawson 1977). This type of 
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grout is normally injected with probes rather than by drilling wells 

for injection. Lime/fly ash grouts are commonly used in the southwest 

(Blacklock 1982). 

In addition to forming cementitious hydrated calcium silicates, 

the calcium ions replace sodium ions commonly found in arid soils and 

thus greatly reduce swelling of the grouted formation. Although Type C 

f ly ash is recommended, other f ly ashes may be used but the setting 

time is much longer. The basic advantage of lime/fly ash grout is 

economy. 

Chemical Grouts 

For soils with small particle sizes and low permeability, cnemical 

grouts are the preferred materials (see Table 2). A number of chemical 

grouts have been developed that have been employed successfully in 

stabilizing soils and reducing water flow problems. Some of these 

grouts have been withdrawn from the market because of toxicity problems; 

however, there are s t i l l many options available. Chemical grouts are 

more expensive than cement-based grouts and are mainly utilized for 

stabilizing soil formations that cannot be treated with cement or clay 

grouts. Karol (1982) discussed the various chemical grouts currently 

in use by categorizing them into five chemical families (see Table 3). 

Each is briefly discussed separately. 

Table 3. Types of chemical grouts 
1. Sodium silicate formulations 
2. Acrylamides 
3. Lignosulfonates 
4. Phenoplasts 
5. Aminoplasts 
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In contrast to cement-based and bentonite suspensions, chemical 

grouts are solutions of low ini t ia l viscosity which upon polymerization 

or condensation result in a solid phase of low permeability and 

considerable strength. The low init ial viscosity makes chemical grouts 

especially suitable for formations of low permeability ( i . e . , 

<10"3 cm/s). 

Sodium Silicate Formulations 

Gels can be formed from many silica derivatives. The silica 

derivatives form the largest single group of related grouting materials; 

however, the alkali silicates (particularly sodium silicate) are the 

only ones used to any extent for chemical grouting. Sodium silicate 

is basic and upon neutralization silicate is precipitated as a gel. 

Early silicate formulations depended on dilution of the solutions to 

control gel time; an increased dilution produced a decrease in strength 

of the gel. This has been overcome in recent years by the use of 

organic compounds that react with the silicate solution to form an acid 

or acid salt which produces the precipitation. Reactants used are 

formamide or ethyl acetate. Gel time is controlled by varying the 

concentration of either the reactant or an accelerator (such as CaCl2) 

or both (Karol 1982). Because the use of reactants and accelerators 

does not require the dilution of the sodium silicate for controlling 

gel time, strong gels can be produced. Problems related to the 

utilization of silicates as chemical grouts are related to toxicity 

problems in handling the reactant, shrinkage of the gel following its 

formation, and dissolution of some grout chemicals when the grout is 



15 ORNL/TM-8539 

located in a water environment. None of these problems are severe 

enough to rule out the use of silicates; they are merely concerns that 

must be considered in the grout selection process. 

Sodium silicate grouts vary in strength depending on the silicate 

content; for strengths in excess of 690 kPa (100 psi) the silicate 

solution viscosity is in the 10 mPa#s range. If imperviousness to 

water is the major objecti.e, less concentrated silicate in thy 3 to 

10 mPa»s range can be applied. The lower viscosity enables the 

solution to flow through pores in the soil without application of 

pressures which may induce fractures. Major application of sodium 

silicate is in treating sands, and, depending on the desired objectives, 

the formulations vary. As compared to recent organic grout material, 

sodium silicate is less expensive. 

Acrylamide Grouts 

The f i rst of the new chemical grouts was a mixture of water-soluble 

organic monomers which could be polymerized at ambient temperatures, 

with the setting time directly related to the amount of catalyst 

included. Acrylami de-based materials come closest to meeting the 

performance specifications for an ideal grout. They penetrate very 

well (as low as 2 mPa*s viscosity), maintain constant viscosity during 

the injection period, have good gel time control, and provide adequate 

strength for most applications. They do have limitations that include 

costs and the fact that some of the acrylamide-type materials have been 

shown to be neurotoxic (Karol 1982). 
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Acrylami de-based grouts consist of a mixture of two organic 

monomers, acrylamide (or methylolacrylamide, methacrylamide, etc.) , 

which accounts for approximately 95% of the total mixture, and a 

cross-linking agent such as methylene-bis-acrylamide, which binds the 

acrylamide chains after polymerization. Grout solutions of up to 20% 

solids have viscosities under 2 mPa-s. Such solutions when properly 

catalyzed will change after a predetermined period of time almost 

instantly into a solid irreversible gel. 

Acrylamide gels are considered permanent (Karol 1982). The gel is 

unaffected by exposure to chemicals naturally found in soils. Tests on 

samples stored under saturated sand for 10 years showed no loss in 

strength. Gels will suffer mechanical deterioration when exposed to 

alternating freeze-thaw cycles and may lose strength and imperviousness. 

Some soluble salts can be leached from the gel, but leaching does not 

appear to affect the gel strength. Upon drying out, the gel will 

shrink; however, in the presence of water i t will regain the lost 

moisture and swell to its original volume. As mentioned earlier, the 

major concern is the toxicity of the monomer ingredients; the polymer-

ized gel is nontoxic (Karol 1982). Recently, a modified grout using 

polyacrylamide was described which did not exhibit the toxic qualities 

of acrylamide (Berry 1982). In addition, an acrylate oligomer grout 

was also developed to replace toxic acrylamide (Clarke 1982). 

The high cost of the acrylamide system limits application to those 

situations exhibiting unusual conditions. In particular, when dilution 

by running water is a problem, the controllable set time and polymer-

ization at low concentrations (3%), starting with low viscosity grout 
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at 20% concentration, make acrylamide and its related compounds most 
t 

attractive. Its potentially short gel time has led to a major market 

as a sewer grout where impermeability of joints and short sections must 

be accomplished quickly. 

Lignosulfonate Grouts 

This type of grout utilizes waste-liquor by-products from wood 

processing industries and hexavalent chromium compounds to form a gel. 

Because the primary ingredient is a waste product, its quality varies 

from mill to mill depending upon the tree type and process utilized. 

As a result, quality control is stricter than that required for other 

chemical grouts. Calcium lignosulfonate is normally used with sodium 

dichromate in an acid environment which causes the chromium ion to 

change its valence from plus 6 to plus 3, thereby oxidizing the 

lignosulfonate to produce a gel. Gel time is controlled by varying the 

solids concentration or the amount of dichromate added; gel times 

decrease with increases in either solids or dichromate concentrations. 

Because lignosulfonates are waste products they are relatively 

inexpensive and can compete cost-wise with other grouting materials. 

The major drawback is the toxicity of the hexavalent chromium catalyst. 

During the reaction the hexavalent chromium is reduced to a nontoxic 

form; however, the reaction is not necessarily complete and hexavalent 

chromium could be leached from the resulting gel into the environment. 

Applications of lignosulfonate grouts parallel those of sodium silicate 

grouts. Strengths up to 3.45 MPa (500 psi) are possible; however, 

because the hexavalent chromium reduction to nontoxic trivalent form is 
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not necessarily complete, its application is reserved for grouting 

where potable water is absent or where high dilution will occur. 

Phenoplast and Aminoplast Grouts 

Phenoplast resins (grouts) are polycondensates that result from 

the reaction of a phenol on an aldehyde. In general, these resins set 

under heat over a wide range of pH conditions, but at ambient tempera-

tures the reaction requires a basic acid medium. There are several 

materials that will react at ambient temperature, of which resorcinol 

reacted with formaldehyde is the most common in use for grouting. A 

catalyst, such as sodium hydroxide, is commonly used to control the pH. 

Phenoplast grouts always contain a phenol, an aldehyde, and an 

alkaline base. All three are health hazards and potential environmental 

pollutants. If properly proportioned, there should not be an excess of 

any of the major components, and the gel formed is considered nontoxic 

and noncaustic. 

Aminoplast grouts are resins produced by the reaction of urea and 

formaldehyde under the influence of heat and acid conditions. Because 

the reaction requires heat and pH control, the use of precondensates or 

prepolymers that can be obtained from industrial sources is required. 

The prepolymers exhibit a higher viscosity than the init ial urea 

solution, but they are easier to handle and allow good gel time control. 

Catalysis with an acid or an acid salt is required to initiate the 

gelling reaction. 

Aminoplast grouts made from a prepolymer contain less free 

formaldehyde than those produced using a monomer and, as a result, 

present less hazard to the environment, although formaldehyde is readily 
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metabolized to nontoxic products (CO )̂ by soil microorganisms. The 

gel is inert but i t can release unreacted formaldehyde. In many 

respects this type of grout exhibits many of the same properties as tht 

phenoplast grouts, which is not surprising since the chemical mechanism 

of amino and phenolic condensations is similar. 

Phenoplasts and aminoplasts use formaldehyde in the condensation 

reactions and formaldehyde as well as the resorcinol (phenoplast) and 

urea (aminoplast) are toxic; hence, applications must consider the 

environment especially in regard to nearness to populations and the 

potential of contaminating aquifers. These low viscosity grouts are 

valuable for stabilizing and sealing fine-textured soils, and major 

applications have been in the oil well industry. Phenoplasts are used 

in calcareous and alkaline media, whereas aminoplasts are useful in 

acid media. 

Selection of Grout Type 

It can be seen that a large number of grouts are available for 

improving the strength or imperviousness of soils, ranging from cement 

or cement-based mixtures to rather exotic organic chemical gels. Each 

of these grout types has special properties and problems associated 

with their applications. No grout provides an ideal solution for all 

situations, the user must select the type of grout based on the 

performance required, the geotechnical characteristics of the site and 

its materials, and the economics of the operation. 
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Karol (1982) suggested that grout selection should be made based 

on its permanence, penetrability, strength, gel time control, sensi-

t iv i ty (compatibility), toxicity, and economics. In the case of 

uranium mill tailings, i t appears that permanence, penetrability, and 

compatibility are the primary characteristics to be considered, with 

toxicity and economics of second-order importance. Gell time and 

strength are not major concerns in grouting mill tailings piles because 

the time required for the grout to set is not critical to the operation; 

the piles are stable as they currently exist and any increase in 

strength produced by the grout would merely improve this condition. 

Einstein and Schnitter (1970) suggested that the following evalua-

tions should be conducted prior to selecting the grout for a particular 

operation. 

1. Conduct soil investigation to determine permeability, particle 

size distribution, flow characteristics of groundwater, and 

any other limiting conditions for the site. 

2. Choose the group of grouts that seems most applicable. 

3. Determine grout properties using laboratory tests, if needed. 

4. Conduct laboratory tests to examine the properties of the 

grout and the soil, such as injectability, permeability 

reduction, and unconfined compressive strength. 

5. Field test one or more grouts to determine in situ inject-

ability, set time in ground, permeability reduction, and any 

unexpected conditions. 

Much the same procedures would be required prior to grouting tailings, 

with items (1) and (4) being done on the tailings, not the soils. 
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3. GROUTING EQUIPMENT 

In addition to the large variety of grouts that can be used for a 

given grouting operation, there is also a wide range of equipment 

available for performing the necessary preinjection operations. 

Basically, all grouting operations require some type of weighing or 

batching station, mixers, pumps, and instrumentation necessary to 

monitor the injection. For small operations, a preassembled mixer-pump 

can be purchased, constructed, or leased which is skid mounted or 

installed on a truck or trai ler that allows i t to be moved to another 

site. An example of the grouting machine that might be used for smaller 

injections is shown in Fig. 2. Larger operations might consist of a 

number of components matched in capacities and pressures to meet the 

individual needs at the site. Finally, for very large operations, a 

separate batch plant may be constructed which would be permanently 

located at one spot and the grout pumped through piping to the injection 

wells. 

Batching and Weighing Stations 

Critical to any grouting operation is the control of the grout 

quality, especially when chemical grouts are utilized. Gel time, as 

described earlier, is normally controlled by either the dilution of the 

reagents or the addition of accelerators or retarders. Adding too much 

or not enough will cause difficulties either during injection or after. 

Scales or blending tanks are a requirement in larger operations; the 

materials to be handled may be liquids or solids. For smaller 

operations, the materials can be preblended off-site and shipped in a 
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ready-to-use condition; even in this case some control must be provided 

in proportioning the grout. Gourlay and Carson (1982) report that batch 

plants capable of producing 100 m/h have been developed using modular 

units. 

Mixing Equipment 

Three types of mixing equipment are utilized for preparing grouts: 

colloidal or high shear mixers, paddle mixers, and jet mixers (Gourlay 

and Carson 1982). Colloidal mixers are commonly used for cement-based 

grouts where the ingredients must be wetted thoroughly and kept in 

suspension. This type of mixer utilizes a high-speed impeller and 

requires considerable horsepower in the drive unit, but the throughput 

is very high. Paddle mixers, on the other hand, uti l ize slow-moving 

impellers and require low horsepower drives, but they do not provide 

the rapid throughput of the colloidal mixer. This type of mixer is 

used where sedimentation of particles is not a problem or for chemical 

grouts where solids are not involved. Paddle mixers for chemical 

grouts require corrosion-resistant construction. The jet mixer was 

developed by the oil well industry to provide on-site mixing of drill ing 

muds and grouts. This type of mixer utilizes a venturi-type action 

produced by pumping a stream of liquid through a restricted orifice, 

thereby creating a vacuum that is used to pull in dry powder from a 

hopper located above the je t . Nixing occurs in the discharge pipe. 

Throughput is high and mechanical problems are minimized because of the 

absence of an impeller or electrical or hydraulic drive unit. Jet 

mixers are most commonly used on cement- or clay-based grouts. 
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Injection Pumps 

Grout can be injected using helical screw, piston, ram, or 

diaphragm pumps. Each of these pumps has different methods of 

operation and provides different discharge conditions. The helical 

screw or progressive cavity pump (Moyno type) consists of a helical 

rotor turningin an resilient stator (rubber or elastomer). As the 

screw turns, an amount of grout is forced the length of the stator due 

to the sealing action of the stator. Discharge is essentially constant 

and is controlled by the speed and size of the rotor-stator assembly. 

Special materials must be used to construct the rotor and stator when 

highly abrasive or corrosive solutions are being pumped. Piston, ram, 

or diaphragm pumps operate as positive displacement pumps, the volume 

being determined by the size of the ram, piston, or diaphragm and the 

number of cycles per unit time. Because of the reciprocal operation of 

the ram or piston, the discharge pressure is not constant but pulsates 

from maximum delivery pressure to less than zero pressure for each 

stroke. Duplex or triplex (two or more cylinders operating out of 

phase) units are utilized to reduce pressure fluctuations and to even 

out the pump discharge. Extremely high pressures can be produced by 

ram, helical screw, or piston pumps; diaphragm pumps are limited by the 

pressures that can be sustained by the diaphragm material. Most of the 

pumps utilized by grouting service companies appear to be of the ram or 

piston type. Pumps are directly driven by internal combustion engines 

or by hydraulic drives, with hydraulic drives being preferred due to 
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ease in control of injection pressures by regulating the hydraulic 

pressure rather than using pressure relief valves and bypass systems 

(Gourlay and Carson 1982). 

Auxiliary Equipment 

Various types of weighing and volume-measuring devices are 

necessary to control the mixing and injection operations. Flowmeters 

and pressure recorders are required to determine the amount of material 

injected and i f grout "take" (a term used to describe the formation's 

receptivity to the grout) is approximately what was anticipated. 

Devices for measuring and recording the viscosity and solids content of 

the injected grouts should also be provided when control of these 

variables is important. The degree of instrumentation supplied should 

be considered when planning for a grout injection. 

Summary 

The basic equipment required to perform a grout injection consists 

of a solids storage and measurement system, a source of water, a mixer, 

and a pump. Depending on the size of the operation, a small portable 

unit containing all of this equipment on a skid or a truck may be all 

that is required. Most of the grouting service companies have developed 

mobile equipment for performing injections. Figures 3 through 6 

illustrate some of the specialized equipment developed. Of special 

interest for their potential application to mill tailings piles are the 

mobile injection probes illustrated in Figs. 5 and 6 that have been 

used to inject lime/fly ash slurries into landfills and near-surface 
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Fig. 3. Slurry mixing unit and storage tank. 
Source: Black lock 1982. 
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Tractor injection unit with four probes (mixers and storage units in background). 
Source: Blacklock 1982. 
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ORNL-PHOTO 3962-82 

Fig. 5. Truck-mounted, three-probe injection unit capable of 
injecting to a depth of 15 m. Source: Woodbine Corp., 
Fort Worth, Texas. 
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Fig. 6. Tractor injection unit (four-probe) injecting lime/fly ash grout on a hillside. 
Source: Woodbine Corp., Fort Worth, Texas. 
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formations for soil stabilization. This type of equipment does not 

require predrilling of injection wells at predetermined intervals and 

should minimize injection costs for a given grout formulation. 

For the grouting of relatively unconsolidated material such as 

uranium mill tailings under low hydrostatic head, there is a wide range 

of available equipment choices, and only minor modifications to existing 

equipment would be anticipated. 
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4. INJECTION PRACTICES 

Injection practices vary depending on the type of formation being 

treated and whether the formation is to be grouted using penetration or 

displacement grouting (see Chapter 2). Also, individuals and organiza-

tions have developed specialized procedures based on their experiences, 

and although they report considerable success ./ith their techniques, 

their methods are not applied by other grouters. A review of the 

literature indicates that there are no universally acceptable procedures 

for performing a grouting operation; rather, the grouter uses whatever 

methods he considers acceptable for the job. This chapter is an attempt 

to describe the most commonly used techniques that appear to have 

applicability to grouting uranium mill tailings piles. 

Injection wells for soil grouting are normally located ort a grid 

pattern with holes spaced at equal distances along parallel lines. The 

holes in alternate lines may be displaced by one-half the spacing of 
* 

the previous line, or a true rectangular grid may be employed. 

Currently, an injection technique called injection staging (or split 

spacing) is being used for many grouting operations in which a 

rectangular grid of holes (termed primary holes) is ini t ia l ly drilled 

and grouted, after which a second set of holes is drilled and grouted 

midway between the primary holes (Baker 1982). The major portion of 

the grout is injected into the primary holes, and the secondary holes 

are grouted to f i l l the voids left by the primary grouting. To complete 

the penetration of the formation, tertiary or quaternary holes may also 

be drilled and grouted (Deere 1982, Albritton 1982). One attractive 
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feature of this technique is that a different grout type may be used in 

the primary holes than that injected in subsequent holes. Thus, the 

primary holes might be injected with a relatively inexpensive cement or 

clay grout and the secondary or tertiary holes with more expensive 

chemical grouts. 

Spacing between injection wells can be calculated using the 

assumed properties of the grout (viscosity, particle size, gel time, 

etc.) , the properties of the formation being treated (porosity and 

permeability), and engineering features such as the diameter of the 

injection pipe and an assumed limitation on injection pressures 

(Herndon and Lenahan 1976a). Although i t is possible to calculate a 

theoretical spacing for the wells, i t appears that the spacings utilized 

in practice are tempered by engineering judgment based on past experi-

ence with similar grouts and formations rather than on a theoretical 

basis. Baker (1982) reports that chemical grouting of soils has been 

successfully performed using well spacings as small as 0.5 m (1.5 f t ) 

to a maximum of 2.5 m (8 f t ) , with 0.8 to 1.5 m (3-5 f t ) being most 

common. I t should be pointed out, however, that these spacings are for 

penetration grouting and that operations in which fracturing is 

permissible may be performed with holes spaced at greater intervals. 

Obviously, there is an economic incentive to reducing the number of 

holes which must be provided, and the grouter may wish to consider more 

expensive, low-viscosity grouts i f they can offset the cost of 

additional drill ing. 
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Actual injection of the grout can be performed in a variety of 

ways. Basically, the techniques available can be described in two 

categories: the open bottom pipe method and the sleeve pipe method 

(Caron 1982). In the open pipe method, the grout is injected directly 

from the end of a grout pipe lowered into the uncased injection hole. 

A packer may be required to prevent grout from leaving the upper part 

of the hole or to force the grout into certain portions of the forma-

tion. This method is commonly used for formations in which the grout 

will enter the formation under the hydrostatic head of the grout column, 

or those in which very l i t t l e pressure is required for penetration. 

This type of operation is most common in the United States and has been 

used for all types of grouts described in Chapter 2. Variations in 

this technique include grouting the formation from the top to the 

bottom of the hole (downstage), from the bottom to the top (upstage), 

or allowing the grout to exit the injection well at any point in depth 

at the same time. Advantages cited for injecting the upper formations 

f i rst include a strengthening of the upper layers, allowing higher 

pressures in the lower portions of the hole without surface upli f t , and 

limit the potential upward movement of grout from lower portions of the 

formation injected at higher pressures (Houlsby 1982). The disadvantage 

is that unless the hole is also drilled in stages as the grouting 

proceeds, some form of packer system is required to prevent grouting of 

the lower formations. 

Most grouting operations in the United States appear to be 

performed upstage with or without a packer, depending on formation 

conditions. As the injtction proceeds, the grout pipe is raised in the 
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hole thereby treating the upper formation. Unless packers are used to 

direct the grout, i t is essentially impossible to determine what amount 

of grout penetrated various layers 1n the formation, which is also a 

problem when grouting from the bottom of the hole with a fixed grout 

pipe. As discussed in Chapter 3, equipment has been developed to 

util ize upstage or downstage grouting in shallow formations using metal 

probes driven into the ground, thus eliminating the need for drilling. 

In Europe, most grouting is performed using the sleeve pipe 

(originally called the tube-a-manchette) which was developed for grout-

ing soils. Using this technique, i t is possible to dr i l l and install 

the grout placement equipment prior to injection, thereby allowing 

drill ing to proceed while the injection is being accomplished. The 

sleeve pipe is a short section of plastic pipe with holes drilled 

through the sidewall which are then covered by an elastomer sleeve (the 

manchette) (Herndon and Lenahan 1976a). This sleeve pipe is lowered 

into the injection well and grouted with a weak grout to ensure contact 

with the sides of the hole. A small-diameter grout injection pipe is 

then inserted into the sleeve pipe. The injection pipe is equipped 

with packers to direct the grout flow to the holes in the sleeve pipe. 

Grout pressure forces the elastomer sleeve away from the sleeve pipe 

and allows the grout to fracture the weak grout between the pipe and 

the formation and to enter the formation. When grouting is complete, 

the elastomer sleeve seals the opening in the pipe, preventing grout 

from flowing back out of the sleeve pipe. For injections at various 

depths, a number of sleeve pipes are connected together and the packer 

1s moved from one set of openings to another. The use of the sleeve 
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pipe allows the grouter to inject the formation in any sequence he 

desires with different types of grout, i f so desired. Sleeve pipe 

grouting may be overly complex for grouting surface piles such as mill 

tailings. 

All of the techniques described were developed for injecting 

underground formations, and no experience is reported on surface storage 

piles such as mill tailings. Recently, grouting (using probe-type 

injection) has been utilized for correcting settlement and gas produc-

tion in sanitary landfills containing municipal wastes (see Appendix 

A), and i t is entirely possible that this technique could also be used 

for tailings. Unfortunately, the lack of experience on surface storage 

piles appears to indicate that some form of field testing would be 

required prior to an actual operation. 
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5. ECONOMICS 

The cost of grouting is composed of the cost of providing the 

necessary equipment for solids handling, blending, mixing, and pumping; 

the cost of the ingredients for the grout; and the manpower cost during 

the injection. In addition, there are costs associated with investi-

gating the soil (or tailings) conditions at the site and the associated 

R&D costs of selecting the grout and managing the operation (see 

Table 4). Additional costs can be incurred to verify that the grouting 

operation was completed as specified; however, in practice this appears 

to be limited to examination of the grouting records for conformance 

with the specifications and does not include additional drilling or 

laboratory or field testing. 

Because the costs associated with site characterization and grout 

selection are site- and waste-spccific, i t is not possible to provide 

estimated ranges in cost for these components of the injection opera-

tion. Efforts required would consist of sampling (auger or core 

samples) for and analyzing particle size distribution, permeability, 

specific surface area, and moisture status. These measurements are 

made to determine the compatibility of the grouts with the tailings and 

to measure the reduction in permeability due to the grout. If desired, 

the strength of the grouted tailings can also be measured. 

Most grouting operations utilize injection points located on a 

grid with from 1.5- to 3-m (5- to 10-ft) soacings. The spacing 

selected depends on the grout and tailings properties and should be 

selected such that the grout from each injection point intersects the 

previous grout injection, ensuring complete coverage of the tailings. 
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Table 4. Elements of cost in a typical grout injection 

1. Site characterization, sampling, and analysis 

2. Selection of grout type 

3. Drilling injection wells ( i f required) 

4. Equipment procurement (or rental) 

a. Operating time 
b. Standby time 

c. Mobilization and demobilization charges 

5. Support labor (unless included in No. 4) 

6. Supervision 

7. Verification of performance ( i f required) 

Formulas were developed to estimate the grout "take" and the spacing of 

the wells (Herndon and Lenahan 1976a) and can be used to estimate the 

total amount of grout required. 

As previously discussed, the actual grouting operation can use 

fixed or mobile equipment for the injection. Mobile equipment would be 

preferred for mill tailings operations since this would minimize the 

capital investment and would provide greater f lexibi l i ty for the UMTRAP. 

In recent years a number of companies have developed and rented mobile 

equipment to provide the necessary blending, mixing, and injection 

services. Contracting with such firms also simplifies the operation in 

that these companies have the expertise to overcome minor equipment and 

injection problems and would not require the need for a separate trained 

work force at each site. Hiring a grouting service company provides 

many advantages for this type of operation. 
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Depending on the grout selected, there appear to be significant 

cost advantages that would result i f the grout were injected using 

probes pushed into the tailings piles from the surface rather than 

injected into drilled wells. Because the height of the tailings piles 

is limited, probe injection [which can be performed to a depth of 15 m 

(50 f t ) using existing equipment] appears to be the priority method of 

injection. Wells would have ';o be used for the few piles whose height 

greatly exceeds 15 m. 

Herndon and Lenahan (1976a) examined the cost of grouting and 

developed the data presented in Table 5 using relative costs of the 

grout materials only. I t can be seen that the lowest cost grout 

tabulated is a Portland cement grout and that all other formulations 

are much more expensive, with the true solution chemical grouts being 

the most expensive. Although i t is not indicated in Table 5, the 

lime/fly ash grout would be cheaper than the Portland cement grout 

since both of its ingredients are cheaper. Based on recent lime, f ly 

ash, and cement prices, the lime/fly ash material cost would be about 

one-half that of Portland cement. 

Some idea of the total cost of a grout injection is also given by 

Herndon and Lenahan (1976a). In 1976 dollars they reported an in-place 

cost of from $18.00 to $46.00/m of soil grouted for cement grouts 

and $52.00 to $250.00/m3 for chemical grouts. Applying the 

Engineering News Record Index for construction (ENR 1982), these costs 

would be $30 to $75 for cement grouts and $85 to $400 for chemical 

grouts in 1982 dollars. 
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Table 5. Cost comparisons of various chemical grouts in 
relation to the cost of Portland cement grout 

Type of grout Relative grout cost 

Portland cement 1.0 

Silicate base (15% sodium silicate) 1.3 

Lignin base 1.65 

Silicate base (30% sodium silicate) 2.2 

Silicate base (40% sodium silicate) 2.9 

Urea formaldehyde resin 6.0 

Aery1 amide (AM-9) 7.0 

Source: Herndon and Lenahan (1976a). 
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6. CHARACTERISTICS OF URANIUM MILL TAILINGS 

Grouting applications have been used mainly in sealing dams, 

shoring structures, preventing formation collapse, and other structural 

applications; experience in grouting uranium mill tailings piles, 

industrial waste piles, and landfills is limited. The following section 

describes some of the characteristics of abandoned uranium mill tailings 

piles with the ultimate objective of installing in situ liners and 

possibly a cover to mitigate migration of hazardous materials. 

Origin of Mill Tailings 

Mined ore is crushed, blended, and leached with sulfuric acid or a 

mixture of sodium carbonate and sodium bicarbonate to extract the 

uranium (Seidel 1981). Following the leaching operation, the solid 

fraction of the ore is separated and the liquid sent to ion exchange or 

solvent extraction for yellow-cake (UgOg) recovery. Solids from 

the leaching step are approximately equal in weight to the original 

mined ore. These solids constitute the mill tailings and are sluiced 

to the disposal site. Typical dry tailings are composed of 70 to 80% 

sands (particle diameter greater than 200 mesh or 75 um) and 20 to 

30% slimes (Sears et al. 1975). Although the largest fraction by 

weight of the tailings is the sands, they contain only about 20% of the 

radioactivity. 
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Chemical Composition of Mill Tailings 

Samples of mill tailings were obtained from Pacific Northwest 

Laboratories (PNL) for the Salt Lake City, Durango, and Shiprock sites 

for chemical characterization and evaluation of in situ grouting. These 

samples were collected less than a meter below the surface of the piles 

and may not be representative of the total mill tailings. Chemical 

analysis of the solid samples is presented in Table 6. The data show 

that the materials are high in silicon, indicating high quartz content. 

Likely the sodium, potassium, and calcium are present as feldspars which 

would be the remaining bulk mineral. Because barium salts are usually 

added to coprecipitate any dissolved radium in the tailings transport 

solution (Thomas 1981), the tailings also exhibit high concentrations 
ppc 

of barium and sulfate. The samples were also analyzed for Ra and 

found to contain 795 ± 57, 304 ± 18, and 974 + 6 pCi/g for the 

Durango, Shiprock, and Salt Lake City samples, respectively. 

Leaching of Mill Tailings 

On January 9, 1981, the Environmental Protection Agency (EPA) 

issued proposed disposal standards for inactive uranium processing sites 

(46 FR 2556-2563). As part of the proposed standards i t was specified 

that the groundwater quality within one kilometer of an existing 

inactive pile should not exceed the Maximum Contaminant Levels (MCL) 

listed in the National Interim Primary Drinking Water Regulations 

(NIPDWR), with levels included for uranium and molybdenum and the level 

listed for fluoride deleted (see Table 7). The period of time over 

which these standards are to be applied to the tailings is 1000 years. 
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Table 6. Chemical composition of Uranium Mill Tailings Remedial Action 
Program (UMTRAP) solid samples (samples provided by Pacific 
Northwest Laboratory) 

Durango Shiprock Salt Lake City 
Element (#8) (#3) (#3B) 

Aluminum (%) 2.13 1.02 2.61 
Calcium (%) 0.71 0.55 1.11 
Iron (%) 0.88 0.15 1.33 
Magnesium (%) <0.01 <0.01 0.17 
Potassium (%) 0.73 0.66 1.38 
Sodium {%) 0.85 0.15 0.39 
Titanium (%) 0.34 0.06 0.15 
Vanadium (%) 0.22 0.06 0.15 
Silicon (%) 40.2 41.3 36.6 
Sulfur {%) 0.22 0.58 1.32 
Carbon {%) 0.02 <0.01 0.22 
Arsenic (mg/kg) 42.5 12.8 107.7 
Barium (mg/kg) 1600 645 511 
Cadmium (mg/kg) 0.2 2.0 1.6 
Chromium (mg/kg) 19.4 23.5 63.7 
Copper (mg/kg) 10 7.5 290 
Manganese (mg/kg) 95.3 18.7 158.3 
Mercury (ppb) 25 148 230 
Nickel (mg/kg) 7.6 23 30 
Selenium (mg/kg) 8.2 79.1 27.5 
Silver (mg/kg) 0.3 0.6 0.9 
Molybdenum (mg/kg) 351 23.8 422 
Zinc (mg/kg) 67 78 143 
Uranium (mg/kg) 245 28.6 246 
Thorium (mg/kg) 2.7 1.1 4.0 
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Table 7. Proposed disposal standards for inactive 
uranium processing sites (46 FR 2563, 
January 9, 1981) 

Constituent Concentration3 

mg/L 

Arsenic 0.05 

Barium 1.0 

Cadmium 0.01 

Chromium 0.05 

Lead 0.05 

Mercury 0.002 

Molybdenum 0.05 

Nitrogen (as nitrate) 10.0 

Selenium 0.01 

Silver 0.05 

pCi/L 

Combined 226r3 ancj 228r3 5.0 

Gross alpha (including 226Ra but 
excluding radon and uranium) 15.0 

Uranium 10.0 

aMaximum concentration in groundwater at a 
distance of 1 km from the disposal site. 
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To obtain information on what elements might be leached from the 

mill tailings, two batch leaching procedures have been performed on the 

samples. These tests were used by ORNL in earlier nonradioactive solid 

waste studies for liner design purposes (Boegly et al. 1980). The 

f i rs t test is the EPA extraction procedure (EP) which is proposed under 

the Resource Conservation and Recovery Act (RCRA) as the method of 

evaluating solid waste toxicity in determining i f a waste must be 

disposed as a hazardous waste. Although uranium mill tailings are 

excluded from regulation under RCRA, the EP test was applied because i t 

represents a recognized leaching test; i t was also of interest to 

determine what would be the disposal requirements i f mill tailings had 

not been excluded from the regulations. The second leaching test 

utilized was one developed by the American Society for Testing Materials 

(ASTM) for evaluating the Teachability of solid wastes. Because the 

ASTM technique does not require pH adjustment, some investigators have 

expressed the opinion that the ASTM test is more representative and 

reproducible than the EP. 

The two leaching tests utilize different methods of agitating the 

waste and extractant, different solids to solution ratios, and different 

contact times; in addition the EP requires pH control. In the case of 

the EP the pH must be maintained at 5; i f i t is above 5, acetic acid is 

added to bring the pH to 5; if the pH of the mixture is below 5, the 

extraction is performed at the natural pH. In the case of the ASTM 

test, the extraction is performed at whatever pH results when the solids 

and liquid are mixed. Table 8 summarizes the conditions for the two 

tests. 
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Table 8. Extraction conditions utilized in ORNL 
leaching studies 

Test method EPA-Epa ASTMa 

Solid to solution ratio 
during extraction 

Method of extraction 

Contact time 

Extractant 

pH control 

l : 1 6 b 

Stirrer 

24 h 

Water 

5 ± 0 . l c 

1:4 

Shaker 

48 h 

Water 

None 

aEP = extraction procedure, ASTM = American Society 
for Testing Materials. 

Extracted at 1:16; diluted to 1:20 prior to 
analysis. 

cpH control using acetic acid. 

Results obtained with the two extraction procedures are given in 

Table 9 for the three mill tailings samples. The data indicate that 

both extraction procedures leach some elements from the tailings in 

concentrations higher than allowed in the proposed mill tailings 

standards and these elements may represent a potential for groundwater 

contamination. In the case of Durango, the limit is exceeded for 

arsenic and selenium; for Shiprock the limits for cadmium, lead, and 

selenium are exceeded; and for Salt Lake City the limits for cadmium, 

selenium, molybdenum, and perhaps arsenic are exceeded. In the case of 

radionuclides, all three samples were found to exceed the proposed 

limits, although the Durango sample was not analyzed for uranium. 



Table 9. Chemical composition of leachates from various uranium mill tailings p i l e s a o 
TO 

- r— 
EPA 5 

Durango (#8) Shiprock (#3) Salt Lake City (#3B) standard » 
Constituent EP ASTM EP ASTM EP ASTM (46 FR 2563) S 

vc 

mil 

Arsenic 106 260 26 40 45 102 50 
Barium 78 275 26 140 25 74 1000 
Cadmium 10 0.44 74 450 333 185 10 
Chromi um 1.0 <0.5 5.4 24 1.5 1.0 50 
Lead 0.1 4.0 340 885 13 8.6 50 
Mercury 0.021 0.010 <0.001 0.012 0.012 0.012 2 
Selenium 86 285 106 155 55 125 10 
Silver <0.05 0.05 0.2 0.45 <0.05 <0.05 50 

mg/L 

Molybdenum 0.007 0.026 0.015 0.026 2.25 20.1 0 
Nitrogen (as NO3) 0.13 0.36 0.36 1.6 2.02 7.8 10 
Total dissolved solids 695 2245 1770 2580 2190 2680 
Sulfate 402 1532 1122 1808 1198 1716 
PH 5.1 6.6 3.8 3.7 5.0 7.3 
Electrical conductivity 748 1975 1673 2345 1920 2430 

pCi/L 

Radium-226 and -228 40.5 83.3 34.2 34.8 120 146 5 
Gross alpha 121 248 440 1557 572 1545 15 
Uranium _ _ 16.6 66.7 25 917 10 

aSamples provided by Pacific Northwest Laboratory. EP = extraction procedure, ASTM = American 
Society for Testing Materials. 
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I t must be pointed out that the values in Table 9 result from 

controlled batch leaching and may not be representative of what actually 

occurs in the tailings. Previous studies on nonradioactive solid wastes 

showed that successive extractions of the same material indicate that 

the concentrations observed in the leachate are considerably reduced 

after multiple leaching (Francis et al. 1982, Latkovich et al. 1982). 

Groundwater contamination would be further reduced by dilution and soil 

attenuation under field conditions, which could reduce concentrations 

below those of the disposal standards. Each disposal site will require 

a detailed meteorologic, hydrologic, and geologic evaluation to predict 

that contaminants released from the tailings piles will not exceed the 

standards in 1000 years. 

Physical Properties of Mill Tailings 

The three mill tailings samples were analyzed for their textural 

characteristics and for saturated hydraulic conductivity. The results 

of these tests are given in Table 10 along with data developed by 

performing a grain size distribution (sieve) analysis on the samples. 

A comparison of these data with the guidelines presented by Caron (1982) 

in Table 2 indicates that colloidal or solution grouts will be suitable 

for these tailings, but that cement grouts will be marginal for the 

Durango and Shiprock piles and may not be practical for the Salt Lake 

City pile. I t can be seen in Table 10 that the Salt Lake City sample 

shows lower permeability and smaller particle size, suggesting the 

sample is higher in slime content. This may reflect only that this 

particular sample came from a slime area which is not representative of 
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Table 10. Physical characteristics of mill tailings samples 

Property Salt Lake City Shiprock Durango 

Hydraulic conductivity 3.8 x 10~3 

( c m / s ) 
5.5 x 10-3 4.1 x io-3 

Effective particle size 
(d]o), (mm) 

0.046 0.065 0.0515 

Texture (%) 
Sand (>50 um) 
Silt (2-50 um) 
Clay (<2 um) 

34 
53 
13 

81 

10 
9 

82 
14 
4 

the overall pile; prior to grout selection, numerous samples from the 

pile would be required. In situ permeabilities would also be more 

meaningful in selection of the grout. 

Several of the grout types described in Chapter 2 have been 

investigated by ORNL for application to both uranium mill tailings and 

low-level waste. These are polyacrylamides, cement, bentonite, 

resorcino 1-formaldehyde, urea-formaldehyde, and sodium silicate. 

Several other grouts such as lime/fly ash have also been considered for 

potential application. The particular chemistry of the grout and 

substrate is, perhaps, the primary consideration as to whether or not 

i t is suitable for a particular application. For example, urea-

formaldehyde polymerization requires strong acid catalysis, and use of 

this grout would be precluded in calcareous or alkaline soils or with 

limestone backfill. Acrylamide, on the other hand, can have its 

Laboratory Studies on Grouting Mill Tailings 
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polymerization inhibited by the presence of scavengers of f ree radicals 

such as high concentrations of vanadium or iron that might be present 

in mi l l t a i l i ngs . Acrylamide, however, seems to be compatible with 

most soil minerals (Herndon and Lenahan 1976b). 

As a means of evaluating grouts for mi l l ta i l ings applications, 

the hydraulic conductivities of 10-cm-long x 2.5-cm-diam columns of 

ta i l ings were measured before and a f ter application of grout. The 

lower l imi t of detection of the technique used (Klute 1965) was 

2.6 x 10"7 cm/s. In addition, each grout formulation was tested on a 

column of quartz sand which functioned as an iner t , or at least a 

minimally reactive, material for inhibit ing grout sets. 

The specific grout formulations are given in Table 11 along with 

the results of the hydraulic conductivity determinations. In general, 

the polyacrylamide yielded the best reductions, approaching the detec-

t ion l imi t of the determination in most cases. Some inhibi t ion of 

acrylamide polymerization was noted with the Shiprock ta i l ings sample. 

Although the 5% bentonite slurry yielded apparent low water permea-

b i l i t i e s , these were achieved by the plugging of the surface of the 

test columns rather than penetration of the matrix; therefore, i ts 

potential for in si tu grouting of e i ther soil or mi l l t a i l ings is quite 

marginal because i t cannot penetrate these materials at the 5% concen-

t ra t ion leve l . Sodium s i l i c a t e , generally, offered the next best 

reduction in hydraulic conductivity and was compatible with a l l 

materials. The re la t i ve ly low cost of sodium s i l i c a t e makes i t an 

a t t ract ive grout for further evaluation. The resorcinol-formaldehyde 

grout f a i l ed to perform well for two ta i l ings samples; notably, these 
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Table 11. Hydraulic conductivities of grouted materials 

Uranium mill tailings 
Quartz 

Grout Shiprock Salt Lake City Durango sand 

cm/s 

None 5.5 x 10"3 3.8 x 10"3 4.1 x 10"3 3.9 x 10"2 

Polyacrylamide 5.4 x 10"5 2.6 x 10"7 2.6 x 10~7 2.6 x 10"7 

(10%) 

Bentonite 2.6 x 10"7 2.6 x 10-7 2.6 x 10"7 2.6 x 10"7 

(5%)« 

Resorcinol- 1.1 x 10~3 8.7 x 10"4 2.6 x 10~7 2.6 x 10"7 

formaldehyde 
(10%) 

Urea-formaldehyde 3.4 x 10~3 1.4 x 10"3 2.5 x 10"3 2.6 x 10~2 

(20%) 

Sodium silicate 1.4 x 10"6 7.0 x 10"7 5.2 x 10~4 2.6 x 10"4 

(15%) 

aIn all cases, bentonite failed to infiltrate the soil columns, and 
the reported low conductivities are the result of surface plugging. 

tailings samples were acidic (Williams et al. 1981), which condition 

likely inhibited the base-catalyzed polymerization of this grout. The 

urea-formaldehyde grout performed poorly in all cases, making this 

specific formulation appear quite undesirable as a grout. 

Radiation Exposures From Tailings 

Uranium mill tailings contain, in addition to nonradioactive 

chemical constituents (see Table 6), uranium and its daughter products 

that were not removed in the recovery process. Two of the members of 
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the uranium decay chain are of special interest in the mill tailings. 

These are ^ R n and . 226Ra. The noble gas results from the 
2?fi 

decay of Ra and represents an airborne source of radiation exposure 

to populations in the vicinity of the tailings piles. 
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7. APPLICABILITY OF GROUTING AS A URANIUM MILL TAILINGS 
RADIATION CONTROL ACT (UMTRCA) REMEDIAL ACTION 

As currently proposed by EPA (46 FR 2556-2563), remedial actions 

on inactive uranium mill tailings piles must limit the average annual 
222 2 flux of Rn emanating from the piles to less than 2 pCi/m »s, 

and groundwater contamination resulting from leachates from the piles 

should not exceed certain limits (see Chapter 6) at a distance of 1 km 

from the pile for a period of 1000 years. If the pile is moved, the 

groundwater standards are imposed at a distance of 0.1 km not 1.0 km 

(USEPA 1981). Because the radionuclides of concern and the nonradio-

active contaminants listed in the groundwater standards will s t i l l be 

present in the tailings material after the 1000-year period, the 

standards appear to require that the designer provide a system that 

will s t i l l be intact and functioning at the end of the designated 

period. 

Of the liner and cover systems currently being proposed, none have 

been tested for time periods that approach the 1000-year time span 

suggested by the proposed regulations. Synthetic materials have only 

been developed in the past 50 years or so, and thus the data base on 

which to make a 1000-year performance guarantee is nonexistent. 

However, structures exist that used cement and cement-based materials, 

and their age exceeds the 1000-year period suggested in the standards. 

Unfortunately, the original strength and water tightness of these 

materials is not known, and i t is impossible to assess their deterio-

ration with time. Since many structures are s t i l l standing and the 

cement-lined conduits s t i l l carry water, some degree of strength and 
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integrity must remain. In the case of organic grouts, their recent 

development has not allowed sufficient time to provide assurance that 

they will retain their properties for the designated period; however, 

this problem also exists for cover and liner systems in which synthetics 

are a component. Clay and cement grout formulations would therefore 

appear to provide the greatest assurance to meet the performance 

criteria of 1000 years. 

Radon-222 has a short half- l i fe (3.8 d) and can be controlled by 

retaining the gas and allowing decay within the pile. Grouting has 

been utilized (see Appendix A) to control methane gas releases from 

municipal sanitary landfills and thus should be capable of providing 

the same function for radon. Because the radon exits the pile by 

diffusion through the voids in the tailings, f i l l ing these voids with 

grout should reduce ( i . e . , lengthen the pathway of travel) or eliminate 

the passage of radon for times sufficient to allow radioactive decay. 

Unfortunately, the ORNL studies have not progressed sufficiently to 

measure radon permeabilities of grouted tailings samples. 

Perhaps the greatest concern regarding the application of grouting 

technology to uranium mill tailings is the concern that all voids in 

the tailings pile will not be f i l led , or rather that the grout would 

enter large voids ( i f such existed) or sink into the ground below the 

pile and thus the entire pile would not be sealed. To date we have not 

encountered any studies that would lead us to expect large voids in the 

piles. In fact, the way in which the piles were formed (namely the 

tailings were sluiced to the disposal site as a water slurry and allowed 

to settle) appears to preclude the presence of large voids in the piles. 
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Secondly, the permeability of the tailings piles should be greater than 

that in the soil under the piles, and as a result the grout would choose 

the points of least hydraulic resistance and seek passages in the 

tailings rather than the subsoil. 

Verifying the degree of grout penetration is a concern in all 

grouting operations. Knowing the amount of voids that exist in the 

formation, based on drilling and sampling programs, is paramount to any 

grouting operation. Not only is a knowledge of the total amount of 

void space and size in the tailings important, but some estimate of 

the range in particle size of the grout being utilized is needed to 

ensure penetration of the void space. With this information and data 

on the amount of grout pumped into each hole (termed the grout "take"), 

the operator can be reasonably sure of the degree of void f i l l ing 

accomplished. I f desired one can verify grout penetration by core 

drilling after the injection, or he can utilize proposed technologies 

such as bore-hole radar (Laine et al. 1980) or acoustic surveys (Huck 

and Waller 1982, Stokoe and Woods 1972) to make in situ observations in 

injection and monitoring wells. 



55 ORNL/TM-8539 

8. RECOMMENDATIONS 

Based on the limited exploratory studies performed in preparing 

this document, i t appears that grouting is a potential alternative to 

liners or covers as a method for compliance with the UMTRAP disposal 

standards proposed by the USEPA. Grouts are available that are 

compatible with the tailings, that can reduce the permeability to very 

low values, and that appear to provide the permanence (at least as well 

as other types of liners) required by the proposed EPA standards. 

Particle size analysis and permeability tests run on samples provided 

to ORNL by the UMTRAP indicate that most of the grouts tested can 

provide the necessary penetration and reduction in permeability. The 

sodium silicate or lime/fly ash grouts appear to be economical options 

for init ial application. An evaluation of the equipment currently 

utilized for grouting operations indicates that no special problems 

exist that would require detailed research and development; in fact, 

many of the grouting service companies have developed mobile equipment 

currently in use that can provide the necessary f lexibi l i ty for opera-

tions on mill tailings piles. Figure 6 illustrated an injection vehicle 

working on a slope that would be characteristic of the sides of the 

mill tailings piles. The exact method of grouting can only be specu-

lated at this time; however, i t appears that the sequence might involve 

grouting a lower liner in the pile f i rs t , then grouting the sides of 

the pile, and finally, i f considered necessary, grouting the center 

portion of the pile. Grouting does provide the advantage that the 

operation could be repeated at a later date i f so desired without 
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disturbing the previous application. For example, i f the init ial 

grouting did not totally satisfy the objectives, a repeat grouting, 

using more penetrating chemicals (more expensive), could be applied to 

f i l l remaining small pores. Although a preliminary economic analysis 

is included as a part of this document, more detailed analysis would be 

required to determine i f grouting is cheaper than lining or covering 

piles. More detailed information from which to estimate the amount of 

grout required at a given site and the topography of the site will be 

required prior to reaching an economic decision. 

Based on information in the literature reviewed in the preparation 

of this document and on contacts with individuals and organsnations 

involved in large-scale grouting operations, i t appears that grouting 

represents a feasible alternative to the application of liners or covers 

to mill tailings piles. Before this option is selected for a given 

application, i t will be necessary to: 

(1) obtain representative samples of tailings, specifically sand 

areas and slime areas of the pile; 

(2) determine the physical properties of the tailings samples to 

identify the candidate type of grout (particulate, colloidal, 

or solution); 

(3) determine the compatibility of the grout with the tailings 

and its effectiveness in reducing the permeability of the 

tailings, and identify any handling or toxicity problems 

associated with the grouting operation; 
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(4) use the information developed in items (2) and (3) to estimate 

the grout "take," size and select the equipment required for 

injection, develop the grouting procedure, and identify the 

quality assurance procedures to be used in evaluating the 

injection; and 

(5) perform an economic analysis of the cost of the operation. 

I t should be noted that impermeable liners may not be necessary in 

some cases. Installation of surface seals to reduce radon emanation 

will also function to reduce rainfall infiltration. The reduction may 

be sufficient to eliminate recharge of the pile, thereby reducing or 

eliminating further production of leachates. The problem then may be 

the treatment of existing leachate in the pile. Appendix B presents a 

discussion of possible chemical treatments that might have application 

in tailings piles where only the liquid currently in the pile is a 

concern. 
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APPENDIX A 

GROUTING CASE HISTORIES ON WASTE MATERIALS 

Most of the reported applications of grouting are concerned with 

control of water and stabi l iz ing (strengthening) of soi ls for construc-

t ion purposes. Instances where grouting has been used for control of 

gases and leachate are essential ly undocumented, although some in for -

mation was recently published related to the grouting of methane gas 

drainage holes in coal mines and stabi l i za t ion of l a n d f i l l s (Baker 

1982). Recent interest in remedial actions at hazardous waste l a n d f i l l s 

may stimulate greater interest in the application of grouting technology 

to l a n d f i l l s or waste storage pi les. To date the authors have not been 

able to locate any recorded instances in which grouting was used to 

s tab i l i ze or control leachate from surface waste storage pi les (such as 

mi l l ta i l ings p i l e s ) . The l i te ra ture that has been published on grout-

ing of municipal solid waste landf i l l s indicates that the concept is 

feasible and that water movement, gas control, and s tab i l i za t ion can be 

achieved. The following case histories give some indication of what 

can be accomplished in grouting of waste materials. 

Case History No. 1 (Blacklock 1982a,b) 

Lime/fly ash grouting to relevel f loor slab and seal of f methane 

gas below existing building at 2011 South Town East Boulevard, 

Mesquite, Texas 

This is a 4877-m2 (52,500-sq f t ) building that had been con-

structed over an old sanitary l a n d f i l l . The building was subsequently 

condemned by the f i r e marshal due to excess methane gas inside the 
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building. The building had to be vacated and had therefore become a 

total economic loss to the owner. 

In an e f f o r t to evacuate the methane gas, the owner had instal led 

a series of pipes throughout the building. These pipes penetrated the 

f loor slab and were equipped with blower devices to t r y and push the 

gas out through the roof (Fig. A - l ) . Also a collector system was used 

around the perimeter of the building using dry wells and vert ical 

exhaust pipes which extended to the top of the outside walls (Fig. A-2) . 

This system did not e f fect ive ly remove the gas and the owner was s t i l l 

not able to occupy the structure. 

The work on this building was to relevel the f loor in certain 

areas where the slab had sett led approximately 64 mm (2.5 i n . ) and to 

grout the landf i l l below the f loor slab to seal of f the methane gas. 
0 

The work was accomplished on approximately 2787 m (30,000 sq f t ) of 

the building and progressed as follows: 

(1) 327 holes were d r i l l e d through the f loor slab on 3-m ( 1 0 - f t ) 

centers. 

(2) Lime and f l y ash grout was injected into the subgrade to an 

average depth of 2.7 m (9 f t ) . The procedure was started 

along the east and south walls of the building to form a 

curtain to contain subsequent grouting within the confines of 

the building area. Grout pipes were inserted in each hole 

and forced to the bottom of the l a n d f i l l or unt i l inpenetrable 

material was encountered. Lime/fly ash grout was pumped to 

refusal at 345 to 690 kPa. Grout pipes were then raised to 
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Fig. A - l . Methane gas exhaust pipes inside building. 
Source: Blacklock 1982b. 
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Fig. A-2. Methane gas exhaust vents outside build 
Source: Blacklock 1982b. 
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intermediate levels and the same process repeated. The slurry 

consisted of 0.9 kg (2 lb) lime and 0.9 kg (2 lb) f l y ash per 

3.8 L (1 gal) of water. 

(3) After the l a n d f i l l subgrade had been grouted to refusal , the 

leveling and sealing operation was i n i t i a t e d . A slurry 

mixture consisting of 0.9 kg (2 lb) lime and 1.8 kg (4 lb) 

f l y ash per 3.8 L (1 gal) of water was then injected immedi-

ately below the f loor slab to relevel the distressed f loor 

slab and f i n a l l y over the ent ire building area to f i l l any 

remaining voids and ef fect ive ly seal o f f the methane gas. 

The f i r e marshal made periodic checks for methane gas as the work 

progressed unt i l f i n a l l y no trace of gas could be found. The building 

was subsequently leased to a new tenant and is currently occupied. 

The methane gas problem has not recurred since completion of the work 

in July 1980. Approximately 172 Mg (190 tons) of lime and f l y ash were 

injected in the job. 

Case History No. 2 (Blacklock 1982a,b) 

Three-phase l a n d f i l l s tab i l i za t ion for an exist ing building of 

Forest Park Boulevard, Fort Worth, Texas 

A 1860-m2 (20,000-sq f t ) building was constructed in 1968 in an 

area that was previously a sanitary l a n d f i l l . Depth of the l a n d f i l l 

varied from 2.4 to 3.0 m (8-10 f t ) below the building. 

The basic structure of the building was founded on piers that 

penetrated below the l a n d f i l l into a primary formation and the outside 

walls were in sat isfactory condition. However, the f loor slab was 
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poured on grade and had sett led as much as 355 mm (14 i n . ) , result ing 

in a building that was unusable and was therefore vacant except for a 

small nightclub operation on the north end. 

Remedial s tabi l izat ion of th is building was accomplished in 1977 

using l ime / f ly ash pressure injection grouting. The work was accom-

plished in three phases. 

Phase 1.—Before any stabi l izat ion and releveling work was 

accomplished within the building, a curtain grouting sequence was 

performed around the outside of the structure. This l ime/ f ly ash 

curtain was to help contain subsequent injections within the confines 

of the building area. Curtain grouting was performed using a 

self-contained hydraulic inject ion r ig (Fig. A-3) . A two-stage in jec-

t ion sequence was accomplished using l ime/f ly ash s lurry . The primary 

injections were made on 1.5-m ( 5 - f t ) centers to a depth of 3 m (10 f t ) 

as close as possible to the edge of the building. Injections were 

accomplished upstage without packers at pressures of 345 to 690 kPa (50 

to 100 psi) using a slurry mixture of 1.8 kg (4 lb) solids and 3.8 L 

(1 gal) of water. Secondary injections were then completed between the 

primary injections, but set back approximately 1.5 m (5 f t ) from the 

edge of the building. In situations where a more impermeable curtain 

is desired, t e r t i a r y injections would be made between the primary and 

secondary injections af ter allowing time for grout set . 

Phase I I . — A f t e r insta l la t ion of the perimeter curtain, holes were 

then d r i l l e d through the f loor slab on 3-m ( 1 0 - f t ) centers, and the 

ent i re area below the building was grouted downstage without packers. 

The l i m e / f l y ash grout was mixed at a ra t io of 2.3 kg (5 lb ) dry solids 



Fig. A-3. Self-contained hydraulic inject ion machine. 
Source: Blacklock 1982b. 
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per 3.8 L (1 gal) of water and injected through single grout pipes to 

refusal . Refusal was observed visual ly in the adjacent open holes that 

had been dr i l l ed through the f loor slab. This was possible because of 

a 152-mm ( 6 - i n . ) void that existed between the slab and the subgrade. 

Many times grout flow could be observed as far as 6 m (20 f t ) away from 

the grout pipe due to the high void ra t io that existed in the mature 

l a n d f i l l . During the early stages of grouting, methane gas was coming 

out of grout pipes and when ignited i t created gas f l a res . As grouting 

progressed, the methane f l a r e diminished unt i l f i n a l l y i t was completely 

shut o f f . 

Phase I I I . - - T h e f ina l phase consisted of pumping a thicker 

l ime/ f ly ash grout mixture, 2.7 kg (6 lb) dry solids per 3.8 L (1 gal ) 

of water, between the f loor slab and stabil ized subgrade to f i l l the 

existent void and, f i n a l l y , to raise the f loor slab to i ts or iginal 

configuration. 

The f loor slab has resisted further settlement for approximately 

four years since completion of the stabi l izat ion work and the methane 

gas problem has not recurred. The building is now f u l l y leased. 

Case Study No. 3 (Blacklock 1982a) 

Parking lot s tabi l izat ion as a part of new construction 

at Farmer'sBranch (Dallas County, Texas) 

The City of Dallas recently completed a sanitary l a n d f i l l and, 

since the land is now in a very desirable area, i t was purchased fo r 

industr ia l development. The developer excavated the l and f i l l material 

below the streets and replaced i t with suitable clay f i l l . Then as 
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buildings are constructed, the procedure has been to excavate the 

l and f i l l [approximately 3 m (10 f t ) deep] and replace i t with suitable 

borrow material . Because th is is a very expensive procedure, the owner 

of this project decided to investigate alternate procedures to reduce 

the cost of insta l l ing the parking l o t . 

Lime/fly ash inject ion was selected by the owner's consulting 
o 

geotechnical engineer. The parking lot area was 2335 m" 

(25,140 sq f t ) . Work began September 11, 1980, and was completed 

September 26, 1980. Injections were completed in two stages, using a 

tractor-mounted inject ion uni t . The grouting procedure was upstaged 

without packers. The f i r s t injections were made on 1.5-m ( 5 - f t ) 

centers to a depth of 3 m (10 f t ) . Secondary injections were then made 

diagonally between the f i r s t in ject ion. Slurry was mixed at the ra t io 

of 0.45 kg (1 lb) lime and 1.36 kg (3 lb) f l y ash per 3.8 L (1 gal) of 

water and a l l injections were continued to refusal . A total of 351 Mg 

(387 tons) of lime and f l y ash were injected. 

At the beginning of injections, a backhoe was u t i l i zed to open a 

ditch to allow visual inspection of the flow of slurry through the 

l a n d f i l l . The experiment confirmed that the slurry was able to flow 

f ree ly through the l a n d f i l l material (Fig. A-4) . 

Additional f i e l d investigation consisted of ins ta l l ing three 

percolation test holes before injection and three following injection 

to evaluate penetration of the l ime/ f ly ash slurry through the l a n d f i l l 

material . The test results indicated a decrease in percolation rate 

from 3 to 20 times a f te r the injection process was completed 

(Table A - l ) . 
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ORNL-PHOTO 3967-82 

Fig. A-4. Slurry flow inspection trench. Source: Woodbine Corp., 
Fort Worth, Texas. 
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Table A - l . Summary of percolation test results 

Rate, in 
Test hole Flow, in Time, in inches/min 

number inches (cm) minutes (cm/min) 

Preinjection test results 

A 34.0 2.5 13.6 
(86.4) (34.5) 

B 44.7 3.0 9 
(113.66) (45.5) 

C 22.0 20.0 1.1 
(55.9) (2 .8) 

Post-injection test results (14 d) 

AAa 3.4 5.0 0.7 
(8.6) (1.8) 

BBa 20.7 5.0 4.1 
(52.6) (10.4) 

CCa 3.7 10.0 0.4 
(9 .4) (1 .0) 

a 0f fse t from preinjection test series by 0.61 m (2 .0 f t ) . 
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APPENDIX B 

POSSIBLE IMPLEMENTATION STRATEGY OF GROUTING 
URANIUM MILL TAILINGS PILES 

The major concerns regarding abandoned uranium mil l t a i l ings pi les 

are the reduction of radon fluxes on the surface of the pi les and 

mitigation of contamination of surface and groundwater by leachate 

moving out of the p i les . In addition, where needed, the piles are to 

be stabi l ized to minimize wind erosion. With the exception of a s i te 

in Pennsylvania, the sites are located in the western part of the 

United States. The ireas are generally under semiarid moisture condi-

tions with l i t t l e or no water surplus in any season (Wilsie 1962). The 

rather l imited r a i n f a l l is generally insuff ic ient to leach the bases 

through the prof i le and thus layers of accumulation of secondary lime-

stone or gypsum are not uncommon (Buckman and Brady 1969). The soil 

characteristics are evidence that evaporation and evapotranspiration 

are quite high and minimal percolation is anticipated. 

The characteristics of the climatic and edaphic properties suggest 

that leaching of the pi les by ra in fa l l is l imited. In view of t h i s , 

application of covers to the p i le to attenuate radon emanations may 

further serve as barriers to ra in fa l l i n f i l t - i t ion . Present invest i -

gations of cover materials include earthen covers, mult i layer covers, 

and asphalt emulsion radon barriers (Hartley et a l . 1982). These 

materials w i l l , in addition to attenuating radon emissions, function to 

minimize i n f i l t r a t i o n of r a i n f a l l . Thus, in implementing remedial 

action, i t may be prudent to apply covers prior to ins ta l l ing l iners . 

The rat ionale for th is approach is that the barr iers , e i ther because of 
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thickness (earthern covers) or impermeability (asphalt emulsion), would 

eliminate or greatly reduce recharge to the p i le and may negate the 

need for a l ine r . The leachate-bearing portion of the p i le could be 

monitored over time to assess the degree and rate of reduction of the 

leachate in the p i le following cover material application. Depending 

on the actual recharge and the degree of hazard posed by the existing 

leachate, no further action may be needed. 

Although grouting connotes injecting a chemical or slurry which 

w i l l form a solid phase, the injection of chemicals which may not set 

but would a l ter the chemistry of the subsurface matrix or the leachate 

to more favorable condition may be substituted for the setting grouts. 

For example, the potential radiological hazard due to leachate migration 

is radium. This alkaline earth element can form insoluble carbonate 

minerals; hence, injection of a sodium carbonate solution would cause 

solubilized alkaline earth carbonates such as calcium, barium, and 

radium to precipitate and remain in the p i le . This technique was used 

by Spalding (1981) to precipitate calcium-strontium carbonate from a 
9 0 

radioactive trench thus reducing the concentration of Sr by several 

orders of magnitude. In addition, Spalding reported that where seeps 

have occurred near a flowing stream, injection of sodium carbonate 9 0 

solution has reduced the Sr concentration over a period of 90 d, 

which permitted time to locate and t reat t ^ source of the leachate 

(Spalding et a l . 1982). 
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In addition to sodium carbonate, sodium phosphate solution may 

serve the same purpose. The alkaline earth elements form very insoluble 

phosphates and, under proper conditions, the phosphatic system can 

swell clay part icles and thereby impede water migration. Both sodium 

carbonate and sodium phosphate solutions result in an alkal ine pH; th is 

alkaline condition in i t s e l f has been reported to inh ib i t mobilization 

of uranium mi l l ta i l ings (Thomas 1981). 

The appl icabi l i ty of chemical treatment w i l l depend on individual 

s i te conditions. For the more hazardous s i tes , grouting may of fer a 

longer-term solution. Chemical treatments may be desirable for pi les 

that are dewatering by lack of recharge and thus require treatment only 

during the time necessary to r id the existing migrating water of the 

undesirable components. 

Although in situ grouting was i n i t i a l l y considered for l iner 

application, this technology may have a place in cover applications 

also. In case history No. 1, the l ime/ f ly ash grout was successful in 

preventing methane gas from entering a building. Because radon gas has 

a re la t ive ly short h a l f - l i f e (3 .8 d ) , the cover over uranium mi l l 

ta i l ings pi les need not be seal-proof but should be su f f i c i en t l y 

impervious to retard the upward migration of radon and reduce the 

ac t iv i ty to acceptable regulatory levels. However, because very l i t t l e 

information is available on the effectiveness of such treatment on 

uranium mi l l ta i l ings p i les , research must be conducted in f i e ld -sca le 

tests to obtain the desirable information both for in s i tu cover and 

l iner applications. 
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The potential attractiveness of in s i tu grouting 1s that the 

application of grouts would require less pretreatment of the land than 

would other techniques. In addition, should the i n i t i a l application 

f a l l short of desired results, the operation could be repeated with 

minimal disturbance to the previous applied layers. The choice of 

chemicals to be used in the treatment can range from nonsetting chemical 

agents to soluble chemical agents which can seep through pores o 

matrix and harden to part iculate grouts that could be used to form 

layers within the formation as well as to penetrate the pores. The 

choice of chemical and the preferred mode of application w i l l be deter-

mined by the characteristics of the si te and the p i les . Equipment and 

servi<~e personnel are available to apply the necessary expertise to 

evaluate the appl icabi l i ty and effectiveness of grouting in providing a 

solution to the uranium mi l l ta i l ings problems. 
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